A combined approach to the study of venetoclax degradation pathways using in silico tools and designed stress testing by Žigart, Nina
 
 
Univerza v Ljubljani 



















































Kombiniran pristop k študiju kemizma razgradnje venetoklaksa z in silico orodji in načrtovanimi 
stresnimi testi 
 
A combined approach to the study of venetoclax degradation pathways using in silico tools and 





























prof. dr. Zdenko Časar, Fakulteta za farmacijo 
 
prof. dr. Janez Ilaš, Fakulteta za farmacijo 
 
 
izr. prof. dr. Tomaž Vovk, Fakulteta za farmacijo 
 
doc. dr. Stane Pajk, Fakulteta za farmacijo 
 
prof. dr. Stojan Stavber, Inštitut Jožef Stefan 
 
 
Raziskave, predstavljene v tem doktorskem delu, so bile izvedene v podjetju Lek d.d. in na 









Spodaj podpisana Nina Žigart izjavljam, da je predložena doktorska disertacija moje 
samostojno delo, ki sem ga opravila pod mentorstvom prof. dr. Zdenka Časarja in 







Stabilnost zdravilne učinkovine vpliva na njeno varnost in učinkovitost, zato je ključna pri 
razvoju zdravil. Pri razvoju zdravil je potrebno testiranje stabilnosti in identifikacija znatnih 
razgradnih produktov zdravilne učinkovine. Za poglobljeno razumevanje stabilnosti 
zdravilne učinkovine se izvaja dolgoročno in pospešeno testiranje stabilnosti. Pospešeno 
testiranje traja 6 mesecev dolgoročno pa 12 mesecev, kar znatno podaljšuje razvoj zdravila. 
Zgodnje napovedovanje in identifikacija možnih nečistot v zdravilu je zato pomembna pri 
farmacevtskem razvoju. Stresni testi zdravilne učinkovine lahko pomagajo pri zgodnji 
identifikaciji možnih razgradnih produktov, kar pripomore pri določevanju razgradnih poti 
in intrinzične stabilnosti molekule. S stresnimi testi si pomagamo tudi pri razvoju analiznih 
metod za testiranje stabilnosti zdravilne učinkovine. Pred izvedbo stresnih testov navadno 
skušamo napovedati razgradne produkte, pri čemer si pomagamo z literaturnimi podatki in 
kemijskim znanjem. Vedno bolj se uporabljajo tudi napovedna orodja oz. in silico orodja, ki 
napovedujejo razgradne produkte in nam dajo začetno sliko glede stabilnosti molekule pod 
različnimi pogoji. Taka orodja so lahko v pomoč tudi pri identifikaciji razgradnih produktov, 
pridobljenih s stresnim testiranjem. 
Venetoklaks je selektiven zaviralec anti-apoptotične beljakovine limfoma celic B (Bcl)-2. Je 
prva registrirana zdravilna učinkovina s to proteinsko tarčo. Leta 2016 je bil odobren za 
zdravljenje bolnikov s kronično limfocitno levkemijo v Združenih državah Amerike. Ker je 
venetoklaks relativno nova zdravilna učinkovina, v literaturi še ni bilo veliko znanega glede 
njegove stabilnosti. Prav tako ni bilo moč najti analiznih metod za testiranje stabilnosti 
venetoklaksa. Kot edina zdravilna učinkovina v skupini zaviralcev proteina Bcl-2 ima 
strukturo, ki se razlikuje od drugih znanih zdravilnih učinkovin. Tako je tudi stabilnost 
molekule na prvi pogled težje napovedljiva.  
Namen našega dela je bila določitev razgradnih produktov venetoklaksa z uporabo 
kombiniranega pristopa z in silico orodji in stresnimi testi ter razvoj analizne metode za 
spremljanje venetoklaksa in njegovih razgradnih produktov. Na podlagi struktur razgradnih 
produktov smo nato želeli določiti kemizme razgradnje venetoklaksa. Cilj je bil tudi 
vključitev principa razvoja analizne metode z vgrajeno kakovostjo (AQbD) in s tem 
izboljšanje robustnosti analizne metode in boljše razumevanje vplivov posameznih 
parametrov analizne metode na ključne odzive analizne metode. 
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V uvodnem poglavju smo predstavili venetoklaks in njegovo potencialno široko terapevtsko 
uporabnost v obliki preglednega znanstvenega članka, ki zavzema pregled znanstvene in 
patentne literature. Poglavje smo dopolnili s teoretičnim ozadjem testiranja stabilnosti ter 
AQbD. 
V prvem poglavju raziskovalnega dela je predstavljen razvoj analizne metode reverzno-
fazne tekočinske kromatografije za določevanje stabilnosti venetoklaksa z uporabo 
principov AQbD. Razvoj metode je potekal na stresnih vzorcih venetoklaksa. Celoten proces 
razvoja analizne metode je bil sestavljen in začetnih poskusov po principu spreminjanja 
enega faktorja naenkrat (OFAT), definicijo tarčnega profila analizne metode (ATP), izbiro 
kritičnih atributov metode (CMA), oceno tveganja, identifikacijo kritičnih parametrov 
metode (CMP), začetnih presejalnih poskusov, optimizacije, testiranja robustnosti, določitve 
območja delovanja metode (MODR) in postavitve kontrolne strategije. Metodo smo 
kvalificirali v delovni točki, kjer smo potrdili tarčni profil analizne metode: zmožnost 
določanja venetoklaksa ob prisotnosti razgradnih produktov v koncentracijskem območju od 
80 – 120% tarčne koncentracije s točnostjo 100 ± 2% in ponovljivostjo z  ≤ 2% relativnega 
standardnega odklona (RSD). Metoda, ki smo jo razvili je ustrezna za določanje 
venetoklaksa ob prisotnosti glavnih razgradnih produktov pridobljenih s stresnimi testi in jo 
lahko uporabljamo za določanje stabilnosti venetoklaksa. 
V drugem poglavju raziskovalnega dela smo opisali izvedbo stresnih testov, izolacijo 
glavnih razgradnih produktov in določevanje strukture razgradnih produktov. Predpostavili 
smo glavne kemizme razgradnje venetoklaksa. Identificirali smo štiri glavne razgradne 
produkte venetoklaksa ob dodatku močne kisline, tri glavne razgradne produkte 
venetoklaksa ob dodatku močne baze in en razgradni produkt venetoklaksa, ki nastane z 
oksidacijo. Pri tem smo poleg predvidene hidrolize N-acilsulfonamiden vezi, določili še 
dekarboksilacijo kislinskega fragmenta, ki nastane iz omenjene hidrolize, dimerizacijo 
venetoklaksa preko metilenskega mostička ob prisotnosti dimetil sulfoksida, ciklizacijo o-
nitroanilinskega dela, substitucijo amina na 2-nitro-substituiranem benzenu s hidroksilno 
skupino in oksidacijo dušika piperazinskega obroča. 
Tretje poglavje obsega in silico napovedovanje razgradnih produktov venetoklaksa. 
Razgradne produkte smo s programskim orodjem napovedovali pri različnih 
eksperimentalnih pogojih. Primerjali smo rezultate eksperimentalno pridobljenih razgradnih 
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produktov z napovedanimi. Uporabljeno in silico orodje je uspešno napovedalo tri od sedmih 




Drug stability is crucial in drug development since it affects the safety and efficiency of the 
drug product. Stability testing and identification of significant degradation products of the 
active pharmaceutical ingredient (API) are required during drug development. Long-term 
and accelerated stability testing is performed to provide an in-depth understanding of the 
stability of the active substance. Accelerated testing lasts 6 months and long-term testing 
lasts 12 months, which significantly prolongs the development of the drug product. 
Therefore, early prediction and identification of possible impurities in drug product is 
important in pharmaceutical development. Stress tests of the active substance can help in the 
early identification of possible degradation products, which helps to determine degradation 
pathways and intrinsic stability of the molecule. Stress tests also help to develop stability-
indicating analytical methods. Before performing stress tests, we usually try to predict 
degradation products, using literature data and chemical knowledge. Increasingly, in silico 
tools that predict degradation products are used, which give us an initial picture of the 
stability of the molecule under different conditions. Such tools can also be helpful in 
identifying degradation products obtained in stress testing.  
Venetoclax is a selective inhibitor of the anti-apoptotic B-cell lymphoma (Bcl)-2 protein, a 
first of its kind. It was approved for the treatment of patients with chronic lymphocytic 
leukemia in the United States in 2016. Because venetoclax is a relatively new active 
substance, not much is known about its stability in the literature and no stability-indicating 
analytical method for  venetoclax could be found. As the only Bcl-2 protein inhibitor on the 
market, it has a structure that differs from other known active substances. Thus, the stability 
of the molecule is also more difficult to predict at first glance. 
The purpose of our work was to determine the degradation products of venetoclax using a 
combined approach with in silico tools and stress tests, as well as to develop an analytical 
method for monitoring venetoclax and its degradation products. Additionally, we wanted to 
determine the degradation pathways and degradation chemistry of venetoclax based on the 
structures of degradation products. The aim was also to include the principles of Analytical 
Quality by Design (AQbD) in analytical method development, thus improve the robustness 
of the analytical method, and better understand the effects of critical method parameters on 





In the introductory chapter, we presented venetoclax and its potentially broad therapeutic 
applicability in the form of a scientific review article covering the review of the scientific 
and patent literature. The chapter was expanded with a theoretical background of stability 
testing and AQbD. 
The first chapter of the research work presents the development of a reverse-phase liquid 
chromatography stability-indicating analytical method for venetoclax using the AQbD 
principles. Stress samples of venetoclax were utilized for the development process. The 
development process of the analytical method was composed of initial one-factor-at-a-time 
(OFAT) experiments, definition of the analytical target profile (ATP), selection of critical 
method attributes (CMAs), risk assessment, identification of critical method parameters 
(CMPs), initial screening experiments, optimization, robustness testing, method optimal 
design region (MODR) determination, and a proposition of a control strategy. The method 
was qualified in the working point, where we confirmed the analytical target profile: the 
ability to determine venetoclax in the presence of its degradation products over a range of 
80% to 120% of the target concentration with an accuracy of 100% ± 2% and repeatability 
≤ 2% RSD. The method we have developed is suitable for the determination of venetoclax 
in the presence of major degradation products obtained by stress tests and can be used to 
determine the stability of venetoclax.  
In the second chapter of the research work, we described the implementation of stress tests, 
the isolation of major degradation products and the determination of the structures of the 
major degradation products. We hypothesized the main chemistry pathways of venetoclax 
degradation. We identified four major degradation products of venetoclax with the addition 
of a strong acid, three major degradation products of venetoclax with the addition of a strong 
base, and one degradation product of venetoclax formed by oxidation. In addition to the 
predicted hydrolysis of the N-acylsulfonamide bond, we determined decarboxylation of the 
acid fragment resulting from said hydrolysis, dimerization of venetoclax via a methylene 
bridge in the presence of dimethyl sulfoxide, cyclization of the o-nitroaniline moiety, 
substitution of the amine with a hydroxy group, and oxidation of nitrogen present in the 
piperazine ring moiety. 
The third chapter covers in silico predictions of venetoclax degradation products. 
Degradation products were predicted under different experimental conditions using a 
software tool. We compared the results of experimentally obtained degradation products 
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with the predicted ones. The in silico tool successfully predicted three out of the seven 
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ANOVA Analiza varianc 
ang. Analysis of variance 
API Zdravilna učinkovina 
ang. Active pharmaceutical ingredient 
AQbD Pristop razvoja analiznoh metod z vgrajeno kakovostjo 
ang. Analytical Quality by Design 
ATP Tarčni profil analizne metode 
ang. Analytical target profile 
Bcl Limfom celic B 
ang. B-cell lymphoma 
CMA Kritični odzivi metode 
ang. Critical method attributes 
CMP Kritični parametri metode 
ang. Critical method attributes 
DoE Načrtovanje eksperimentov 
ang. Design of experiments 
DSC Diferenčna dinamična kalorimetrija 
ang. Differential scanning calorimetry 
FTIR Fourerovo transformirana infrardeča (spektroskopija) 
ang. Fourier-transform infrared (spectroscopy) 
HPLC Tekočinska kromatografija visoke ločljivosti 
ang. High performance liquid chromatography 
HRMS Masna spektrometrija visoke ločljivosti 
ang. High resolution mass spectrometry 
ICH Mednarodna konferenca za harmonizacijo 
ang. International Conference on Harmonization 
IR Infrardeča (svetloba) 
ang. Infrared 
LC Tekočinska kromatografija 
ang. Liquid chromatography 
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MODR Operativno območje metode 
ang. Method optimal design region 
MS Masna spektrometrija 
ang. Mass spectrometry 
NMR Jedrska magnetna resonanca 
ang. Nuclear magnetic resonance 
OFAT Spreminjanje enega faktorja naenkrat 
ang. One-factor-at-a-time 
QbD Pristop razvoja z vgrajeno kakovostjo 
ang. Quality by Design 
RSD Relativni standardni odklon 
ang. Relative standard deviation 
UHPLC Tekočinska kromatografija ultra visoke ločljivosti 
ang. Ultra high performance liquid chromatography 
UV Ultravijolična (svetloba) 
ang. Ultraviolet 




PREDSTAVITEV DELA S HIPOTEZAMI 
 
Venetoklaks je relativno nova zdravilna učinkovina na trgu. Dovoljenje za promet z 
zdravilom je bilo izdano v ZDA in EU leta 2016. Je edinstvena po načinu delovanja, saj je 
edina registrirana zdravilna učinkovina, ki deluje kot zaviralec proteina Bcl-2. S tem je 
povezana tudi struktura molekule, ki je svojevrstna. Znanih je le nekaj raziskovalnih molekul 
s sorodno molekulsko strukturo. V literaturi do sedaj ni bilo dostopnih informacij glede 
razgradnih produktov venetoklaksa. Prav tako ni bilo analiznih metod za določanje 
venetoklaksa in njegovih razgradnih produktov. Te informacije so ključne za začetek razvoja 
zdravil, ki vsebujejo venetoklaks. 
V okviru doktorskega študija smo postavili štiri hipoteze, vezane na razgradne produkte 




Z uporabo in silico orodij lahko napovemo strukture prevladujočih razgradnih produktov 
venetoklaksa. 
Kratka obrazložitev hipoteze: In silico orodja za napovedovanje razgradnih poti organskih 
molekul lahko uporabimo v farmacevtski industriji še pred izvedbo stresnih testov. Zaenkrat 
ta orodja še ne morejo nadomestiti stresnih testov, lahko pa služijo za boljše razumevanje 
razgradnih poti in hitro napovedovanje možnih razgradnih produktov učinkovine. 
Največkrat in silico orodja napovejo večje število razgradnih produktov, kot jih dejansko 
nastaja, zato moramo napovedane razgradne produkte ovrednotiti s pomočjo stresnih testov. 
Rezultati, pridobljeni z in silico orodji nam omogočajo boljše in hitrejše načrtovanje stresnih 
testov in razvoja analiznih metod za testiranje stabilnosti učinkovine. 
Razgradne poti venetoklaksa bomo preučili z in silico orodjem Zeneth (Lhasa Limited). 
Izolirane in določene razgradne produkte, ki jih bomo eksperimentalno pridobili, bomo 
primerjali z napovedanimi razgradnimi produkti.  
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Hipoteza 2: 
Dejanske razgradne produkte venetoklaksa, pridobljene s stresnimi testi, lahko 
identificiramo z analiznimi metodami in na podlagi struktur napovemo glavne razgradne poti 
in kemizme razgradnje venetoklaksa. 
Kratka obrazložitev hipoteze: Razumevanje mehanizmov razgradnje zdravilne učinkovine 
je pomembno za razvoj farmacevtskega izdelka, saj nam omogoča razviti izdelek, ki 
učinkovino ustrezno zaščiti pred dejavniki, ki so kritični za razpad zdravilne učinkovine.  
Venetoklaks bomo izpostavili nekaterim stresnim pogojem, kot so nizek in visok pH, 
povišana temperatura, svetloba in oksidanti. Glavne razgradne produkte, ki nastanejo pri 
stresnem testiranju, bomo izolirali s pomočjo preparativne kromatografije. Določili bomo 
njihove strukture s pomočjo ene ali več analiznih metod: LC-MS, HRMS, jedrska magnetna 
resonanca (NMR), infrardeča (IR) spektroskopija. Z določitvijo struktur glavnih razgradnih 
produktov bomo pridobili informacije potrebne za določitev razgradnih poti venetoklaksa in 
njegove kemizme razgradnje.  
Hipoteza 3: 
Z analizno metodo, ki jo bomo razvili, lahko določujemo venetoklaks in njegove glavne 
razgradne produkte. 
Kratka obrazložitev hipoteze: Za spremljanje stabilnosti zdravilne učinkovine in končne 
farmacevtske oblike potrebujemo analizno metodo, ki je sposobna določevati učinkovino in 
njene razgradne produkte. V fazi razvoja, ko še ne vemo kateri razgradni produkti bodo 
nastajali, si pomagamo s stresnimi testi, da pridobimo možne razgradne produkte.  
Venetoklaks bomo izpostavili stresnim pogojem in na razgrajenih vzorcih razvili analizno 
metodo, ki bo ločevala venetoklaks in njegove razgradne produkte. Optimizirali bomo 
parametre metode: stacionarna faza, mobilna faza, pretok, temperatura kolone, topilo vzorca. 
Glavna lastnost take analizne metode je dobra selektivnost. Razvito analizno metodo bomo 
uporabili za spremljanje nastanka razgradnih produktov. 
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Hipoteza 4: 
Z vgrajevanjem kakovosti v razvoj analizne metode (princip AQbD) za določanje razgradnih 
produktov venetoklaksa, lahko izboljšamo robustnost analizne metode in s postavitvijo 
modelov analizne metode napovemo vplive sprememb parametrov analizne metode na 
ključne odzive analizne metode, kar nam omogoča postavitev kontrolne strategije za 
analizno metodo za določanje razgradnih produktov venetoklaksa. 
Kratka obrazložitev hipoteze: Kljub temu da je razvita analizna metoda za določanje 
razgradnih produktov venetoklaksa selektivna, še ne pomeni, da je robustna. Robustnost 
analizne metode je merilo zmožnosti analizne metode, da majhne a namerne spremembe 
parametrov analizne metode nanjo ne vplivajo in kaže, da je analizna metoda zanesljiva med 
običajno uporabo. Ob običajni uporabi namreč lahko prihaja do manjših sprememb 
parametrov analizne metode zaradi uporabe drugačnih inštrumentov, prostorov in kemikalij, 
kot tudi zaradi spremembe izvajalca metode. Robustnost analiznih metod je v farmacevtski 
industriji ključna za zagotavljanje kvalitetnih in zanesljivih rezultatov.  
Analizno metodo za ločevanje venetoklaksa in njegovih razgradnih produktov bomo 
izboljšali s principom vgrajene kakovosti (AQbD). V sklopu razvoja bomo naredili model 
analizne metode s pomočjo programske opreme Fusion® (S-Matrix®), ki bo omogočal 
napovedovanje rezultatov ob spremembi določenih parametrov analizne metode. S pomočjo 
programske opreme bomo optimizirali analizno metodo in izvedli študijo robustnosti 
analizne metode za določanje razgradnih produktov venetoklaksa. Določili bomo robustno 
območje analizne metode in analizirali vplive sprememb kritičnih parametrov analizne 
metode na rezultat analizne metode. Predlagali bomo kontrolno strategijo za analizno 
metodo. 
PRESENTATION OF WORK WITH HYPOTHESES 
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PRESENTATION OF WORK WITH HYPOTHESES 
Venetoclax is a relatively new therapeutic on the market. It was approved in the US and EU 
in 2016. It is unique in its mechanism of action, as it is the only registered drug that acts as 
an inhibitor of the Bcl-2 protein. The mechanism of action is closely related to the distinctive 
molecular structure of venetoclax. Only a few investigational drug molecules with a related 
molecular structure are known. To date, no information has been accessible in the literature 
regarding the degradation products of venetoclax. There were also no analytical methods 
available to determine venetoclax and its degradation products. This information is key to 
initiating the development of venetoclax-containing drugs. 
As part of the doctoral study, we proposed four hypotheses related to the degradation 
products of venetoclax and the analytical method for the determination of venetoclax and its 
degradation products. 
Hypothesis 1: 
We can use in silico tools to predict the structures of main degradation products of 
venetoclax. 
Brief explanation of the hypothesis: In silico tools for predicting the degradation pathways 
of organic molecules may be used in the pharmaceutical industry even before stress testing. 
So far, these tools cannot replace stress tests, but they can serve to better understand the 
degradation pathways and quickly predict possible degradation products of the active 
substance. In silico tools mostly predict a larger number of degradation products then the 
substances actually produce, so we have to evaluate the predicted degradation products with 
the help of stress tests. The results obtained with in silico tools allow us to better and faster 
design stress tests and develop stability-indicating analytical methods for the active 
ingredient. 
We will study the degradation pathways of venetoclax will be studied with an in silica tool 
Zeneth (Lhasa Limited). Isolated and identified degradation products, which will be obtained 
experimentally, will be compared with the predicted degradation products. 
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Hypothesis 2: 
We can identify the actual degradation products of venetoclax, obtained from stress tests, 
using analytical methods and the main degradation pathways and degradation chemistry of 
venetoclax can be predicted based on the identified degradation product structures. 
Brief explanation of the hypothesis: Understanding the mechanisms of degradation of an 
API is important for the development of a pharmaceutical product, as it allows us to develop 
a product that adequately protects the API from factors that are critical to its degradation. 
We will expose venetoclax to certain stressful conditions such as low and high pH, elevated 
temperature, light, and oxidants. We will isolate the major degradation products, generated 
in stress tests, by preparative chromatography. We will determine their structures using one 
or more analytical methods: LC-MS, HRMS, nuclear magnetic resonance (NMR), infrared 
(IR) spectroscopy. By determining the structures of the main degradation products, we will 
obtain the information necessary to establish the degradation pathways of the venetoclax and 
its degradation chemistries. 
Hypothesis 3: 
We can use the developed analytical method to determine venetoclax and its main 
degradation products. 
Brief explanation of the hypothesis: To monitor the stability of an API and the final drug 
product, we need an analytical method that is able to determine the API and its degradation 
products. In the development phase, when we do not yet know which degradation products 
will be formed, we use stress tests to obtain possible degradation products. 
We will expose venetoclax to stress conditions and use the degraded samples to develop an 
analytical method, which will separate venetoclax and its degradation products. We will 
optimize the parameters of the method: stationary phase, mobile phase, flow, column 
temperature, sample solvent. The main feature of such an analytical method is good 
selectivity. The developed analytical method will be used to monitor the formation of 
degradation products. 
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Hypothesis 4: 
By using Analytical Quality by Design (AQbD) in the development of the analytical method 
for the determination of venetoclax degradation products, we can improve the robustness of 
the analytical method and predict the effects of changes in analytical method parameters on 
the critical method attributes by establishing analytical method models, which allows us to 
set up a control strategy for the analytical method for the determination of venetoclax 
degradation products. 
Brief explanation of the hypothesis: Even if the developed analytical method for the 
determination of venetoclax degradation products is selective, it does not necessarily mean 
that it is robust. The robustness of the analytical method is a measure of the ability of the 
analytical method to not be affected by small but intentional changes of the parameters of 
the analytical method and shows that the analytical method is reliable during typical use. In 
typical use, there may be minor changes in the parameters of the analytical method due to 
the use of different instruments, rooms, and chemicals, as well as due to a change in the 
analyst performing the method. The robustness of analytical methods is crucial in the 
pharmaceutical industry to ensure quality and reliable results. 
We will improve the analytical method for the separation of venetoclax and its degradation 
products by using AQbD. As part of the development, we will create a model of the 
analytical method using Fusion® software (S-Matrix®), which will enable the prediction of 
results when changing certain parameters of the analytical method. With the help of 
software, we will optimize the analytical method and perform a robustness study for the 
analytical method for determination of venetoclax degradation products. We will determine 
the robust range of the analytical method and analyze the effects of changes of the critical 
analytical parameters on the analytical method results. We will propose a control strategy 




Pri raziskovalnem delu smo uporabljali metode, ki jih lahko razdelimo na eksperimentalne 
metode, statistične metode in ostale metode. 
Eksperimentalne metode: 
- Stresno testiranje venetoklaksa v raztopini
- Ločba preiskovanih analitov z uporabo tekočinske kromatografije ultra visoke
ločljivosti (UHPLC)
- Detekcija preiskovanih analitov z uporabo UV spektrofotometričnega detektorja
- Detekcija preiskovanih analitov z uporabo masnega spektrometra (MS)
- Določanje točnih mas analitov z uporabo masne spektrometrije visoke ločljivosti
(HRMS)
- Ločba in izolacija analitov z uporabo Flash tekočinske kromatografije
- Ločba in izolacija analitov z uporabo tekočinske kromatografije visoke ločljivosti
(HPLC)
- Odstranjevanje dimetil sulfoksida iz vzorcev z uporabo destilacije
- Odstranjevanje dimetil sulfoksida iz vzorcev z uporabo tekočinske ekstrakcije
- Določitev struktur analitov z uporabo jedrske magnetne resonance (NMR)
- Določitev IR spektrov analitov z uporabo Fourerovo transformirane IR (FTIR)
spektroskopije
- Določitev tališč analitov uporabo diferenčne dinamične kalorimetrije (DSC)
Statistične metode: 
- Načrtovanje eksperimentov (DoE) z uporabo programske opreme Fusion QbD
- Postavitev modelov analizne metode z uporabo programske opreme Fusion QbD
- Analiza varianc (ANOVA) za ovrednotenje postavljenih modelov analizne metode
Ostale metode: 
- Izračun pKa in izris ionizacijskih krivulj v odvisnosti od pH za preiskovane analite z
uporabo programske opreme MarvinSketch
- Monte Carlo simulacije za testiranje robustnosti analizne metode
- In silico napovedovanje razgradnih produktov venetoklaksa z uporabo programske
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Študije, ki so predstavljene v patentih, kažejo na možnost uporabe venetoklaksa – novega 
kemoterapevtika – pri dodatnih terapevtskih indikacijah. Venetoklaks je odobren za uporabo 
v Ameriki in Evropi za zdravljenje bolnikov s kronično limfocitno levkemijo ali 
drobnoceličnim limfocitnim limfomom, po vsaj eni predhodni terapiji. Venetoklaks 
selektivno zavira anti-apoptotični protein limfoma celic B: Bcl-2, ki se lahko prekomerno 
izraža pri večini B-celičnih limfoidnih rakavih obolenjih. 
Zajeta področja 
To je pregled vseh podeljenih patentov do novembra 2018, kjer se venetoklaks nahaja med 
primeri ali patentnimi zahtevki. Patenti zajemajo sintezo, polimorfizem, končne 
farmacevtske oblike, in vitro in in vivo učinkovitost ter terapevtske aplikacije venetoklaksa. 
Strokovno mnenje 
Odobrene indikacije za zdravljenje z venetoklaksom so precej omejene. Študije nakazujejo, 
da bi venetoklaks lahko bil uporaben pri številnih drugih terapevtskih indikacijah, predvsem 
pri ostalih oblikah krvnega raka. Pri številnih raziskavah uporabljajo venetoklaks v 
kombinacijah z drugimi terapevtiki. Tako kombinacijsko zdravljenje izkazuje obetavne 
rezultate pri dodatnih terapevtskih indikacijah in pri rezistentnih oblikah raka. Venetoklaks 
je zanimiv terapevtik, ki je vključen v številna klinična testiranja. Patentne prijave zadnjih 
let vključujejo venetoklaks tudi pri nekoliko bolj eksotičnih področjih, kot so sladkorna 
bolezen tipa 1, astma in zdravljenje virusa Zika.  
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Studies presented in patents show that a novel chemotherapeutic agent – venetoclax, might 
be useful in additional therapeutic indications. Venetoclax is approved in America and 
Europe for the treatment of patients with chronic lymphocytic leukemia (CLL) or small 
lymphocytic lymphoma (SLL), following at least one prior therapy. Venetoclax selectively 
inhibits the B-cell lymphoma-2 (Bcl-2) protein, an anti-apoptotic oncogene that can be 
overexpressed in most B-cell lymphoid malignancies.  
Areas covered 
This is a review of all the patents granted until November 2018, with venetoclax in the 
examples or claim section of the patent document. The patents include the synthesis, 
polymorphism, formulations, in vitro and in vivo efficacy as well as the therapeutic 
application of venetoclax. 
Expert opinion 
The approved indications for treatment with venetoclax are quite limited. Studies suggest 
that venetoclax might be useful in several other therapeutic indications, mostly other 
hematological malignancies. Numerous studies use venetoclax in combinations with other 
therapeutic agents. Such combinational treatment shows promising results in additional 
indications as well as drug resistant cancers. Venetoclax is an interesting new therapeutic 
involved in a variety of clinical research. Patent applications in recent years even include 
venetoclax in somewhat exotic fields such as type 1 diabetes, asthma and Zika virus 
treatment. 





• In 2016, the U.S. Food and Drug Administration (FDA) approved venetoclax for the
treatment of patients with chronic lymphocytic leukemia (CLL) with 17p deletion who have
been previously treated with at least one other therapy and in June 2018, for patients with
CLL or small lymphocytic lymphoma (SLL) regardless of 17p deletion, who have received
at least one prior therapy.
• Bcl-2 protein is an anti-apoptotic oncogene, which can be overexpressed in malignant cells,
prolonging their lifespan and has been linked to increased relative resistance to multiple
chemotherapeutic drugs.
• Combinational treatment with different therapeutic agents: bromodomain inhibitors, Notch
pathway inhibitors, vascular disrupting agents, Cyclin-dependent kinase (CDK) inhibitors,
Bruton's tyrosin kinase (BTK) inhibitors, interleukin receptor associated kinase-1 (IRAK1)
inhibitors, mammalian target of rapamycin (mTOR) inhibitors, phosphoinositide 3-kinase
(PI3K) modulators, TRAIL receptor agonist proteins, parvovirus, BH3 peptides, antibodies
and antibody-drug conjugates can be found in patents.
• Combinational treatment has shown a synergistic effect and has proven useful in some
cases of drug resistant cancers.
• Treatment of systemic lupus erythematous or lupus nephritis with venetoclax delayed the
onset of severe proteinuria and significantly prolonged survival of spontaneous murine
models of lupus.
1. Introduction
Cancer is the second leading cause of death globally. In 2015, 8.8 million people died of 
cancer worldwide, which is nearly 1 in 6 of all global deaths [1]. Blood cancers, including 
non-Hodgkin lymphoma (NHL), leukemia, multiple myeloma and Hodgkin lymphoma, 
accounted for 6,5 percent of all cancers of newly diagnosed cases in 2012, putting them in 
the 6th place among all cancers excluding non-melanoma skin cancer [2]. Worldwide, more 
than 265,000 people died from leukemia [3], around 25,500 people were estimated to have 
died from Hodgkin lymphoma [4] and more than 199,000 people were estimated to have 
died from NHL in 2012 [5]. Although many therapies have been developed for the treatment 
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of hematological malignancies, there is still room for improvement: many cancers may be 
relatively drug-resistant especially in older patients [6].  
The U.S. Food and Drug Administration (FDA) approved venetoclax in 2016 for the 
treatment of patients with chronic lymphocytic leukemia (CLL) with 17p deletion who have 
been previously treated with at least one other therapy. In June 2018, FDA granted approval 
to venetoclax for patients with CLL or small lymphocytic lymphoma (SLL) regardless of 
17p deletion, who have received at least one prior therapy.  
Venetoclax is a selective B-cell lymphoma-2 (Bcl-2) inhibitor. Its story began with the 
discovery of BCL-2 gene and its involvement in B-cell malignancies with a t(14;18) 
chromosome translocation [7]. Then came a long process of drug discovery, which took over 
20 years [8]. 
1.1. The role of Bcl-2 protein in oncogenesis 
The genetically programmed apoptosis [9] pathway can be divided in two routes: caspase 
pathway and mitochondrial dysfunction. Bcl-2 protein family plays a crucial role in the 
latter. Caspase pathway and mitochondrial dysfunction are however not distinct, but rather 
cooperate in the process of apoptosis. When mitochondrial membranes become permeable, 
they allow for the release of cytochrome c, which then activates the caspase pathway [10]. 
Bcl-2 was the first protein discovered in the protein family of the same name. The Bcl-2 
protein family consists of pro-apoptotic and anti-apoptotic proteins [11–13]. Pro-apoptotic 
proteins of the Bcl-2 protein family oligomerize and form pores in the mitochondrial outer 
membrane [14] (Figure 1). Pores enable the release of apoptogenic proteins including 
cytochrome c into the cytosol. Anti-apoptotic proteins bind to pro-apoptotic proteins and 
prevent their oligomerization and the formation of the pores. Proteins in the Bcl-2 family 
interact via the BH3 (Bcl-2 homology 3) domain. BH3 domain is an α-helix. BH3 domain 
belonging to a pro-apoptotic Bcl-2 family protein binds in a hydrophobic groove of the anti-
apoptotic Bcl-2 protein [11,12,15–18] (Figure 2). 
Bcl-2 protein is the first example of an anti-apoptotic oncogene, which can be overexpressed 
in malignant cells, prolonging their lifespan. Some cancer cells can therefore be dependent 
on Bcl-2 [19,20]. Furthermore, Bcl-2 has been linked to increased relative resistance to 
multiple chemotherapeutic drugs [21,22]. 
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Figure 1: Crystal structure of mouse Bak BH3-in-groove homodimer (PDB ID: 5KTG). A ribbon 
representation of the green fluorescent protein (GFP)-Bak tetramer structure at 2.8 Å. Each monomer is 
represented with a different color [23–25]. Bak protein is a pro-apoptotic protein of the Bcl-2 protein family.  
Figure 2: Crystal structure of Bcl-2 in complex with a Bax BH3 peptide (PDB ID: 2XA0). Bcl-2 protein is 
represented by a sphere structure, with the green color representing hydrophobic areas. Bax BH3 domain is 
shown as a blue ribbon diagram. BH3 domain binds in the hydrophobic groove of the Bcl-2 protein [18,24,25]. 
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1.2. Bcl-2 inhibitors 
Elevated levels of Bcl-2 can be found in most B-cell lymphoid malignancies, including CLL, 
follicular lymphoma, mantle cell lymphoma and some cases of diffuse large B-cell 
lymphomas (DLBCL) as well as multiple myeloma. Bcl-2 is a promising therapeutic target 
in such cases [25]. Bcl-2 inhibitors mimic the BH3 domain and target the protein-protein 
interaction of pro- and anti-apoptotic proteins.  
First BH3 mimetic drug with a high binding affinity to Bcl-2 protein family members: Bcl-
XL, Bcl-2 and Bcl-W, that showed in vivo anti-tumor activity was ABT-737 [25–27] (Figure 
3, structure 1). Structural modifications of ABT-737 were performed with the goal of 
improving the solubility and oral bioavailability of the drug, resulting in ABT-263 (Figure 
3, structure 2) also known as navitoclax [28]. Early clinical trials of navitoclax revealed 
that the binding of the drug to Bcl-XL resulted in acute thrombocytopenia [29]. The goal was 
then to selectively target only Bcl-2, which was achieved with venetoclax (ABT-199) 
(Figure 3, structure 3) [30–35].  






A patent application for venetoclax was filed in May 2010 and the first granted patent was 
issued in October 2013 in the United States of America (US). It contains the preparation of 
the compound, Bcl-2 binding inhibition constant and cell viability assay of venetoclax and 
377 other similar compounds [36]. The patent application was later expanded to contain 404 
molecules in total [37].  
Inhibition constant (Ki) is the dissociation constant of a protein/small molecule complex, 
wherein small molecule is inhibiting binding of one protein in this case Bcl-2 protein to 
another protein or peptide in this case a Bak BH3 peptide probe. A Large Ki indicates a low 
binding affinity conversely a small Ki indicates a high binding affinity. The Bcl-2 binding 
Ki for venetoclax was < 0.000010 μM with inhibition constants of all the compounds ranging 
from < 0.000010 to 0.026761 μM indicating high binding affinities for anti-apoptotic Bcl-2 
protein [36,37].  
Cell viability assay was performed on acute lymphoblastic leukemia (ALL) human cell line 
(RS4;11), cells of which were highly dependent on Bcl-2 for survival and sensitive to the 
Bcl-2 inhibitor ABT-737 as shown by previous studies [28]. Cell cytotoxicity EC50 values 
were determined as a percentage of viable cells following treatment compared to the 
untreated control cells. Venetoclax showed an EC50 of 0.01241 μM. The compounds in 
general had EC50 values in the range of 0.00038795 to > 5 μM. Low EC50 values indicate 
that compounds in the patent are very effective in killing RS4;11 cells. Additionally, the 
compounds have the utility to functionally inhibit anti-apoptotic Bcl-2 protein in a cellular 
context [36,37]. 
2.2. Selective binding to Bcl-2 
In a separate study, in vitro competitive binding affinity assays were performed on murine 
cells (FL5.12)  that were engineered to depend on either Bcl-2 or Bcl-XL for survival, and 
human tumor cell lines predominantly dependent on either Bcl-2 (RS4;11) or Bcl-XL (H146) 
for survival. A comparison of the binding affinity was performed and EC50 values were 
measured. Results suggested a selective binding affinity of venetoclax to Bcl-2. Functional 
selectivity was also shown (Table 1). Pharmacodynamic testing of venetoclax in lupus prone 
(NZBxNZW)F1 mice resulted in a dose dependent decrease in lymphocytes while 
maintaining normal platelet counts compared to control, while administering a compound 
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which inhibits Bcl-2 as well as Bcl-XL caused a decrease in platelet counts in addition to 
decreasing the number of lymphocytes. The decrease of the number of lymphocytes was also 
measured in C57BL/6 mice [38]. 
Table 1: Functional selectivity of venetoclax was shown, with a much weaker activity on cell lines that are 
dependent on Bcl-XL (higher EC50) for survival compared to those dependent on Bcl-2 (lower EC50).  
Cell line Venetoclax EC50 
Murine, Bcl-2 dependent FL5.12 4 nM 
Murine, Bcl-XL dependent FL5.12 261 nM 
Human, Bcl-2 dependent RS4;11 12 nM 
Human, Bcl-XL dependent H146 3600 nM 
2.3. Venetoclax synthesis, polymorphism and formulations 
There are three main synthetic routes to venetoclax present in the patents [36,37,39–41]. 
Solid state forms of venetoclax including salts and polymorphs were also disclosed [39]. The 
synthetic processes are well explained in the review by David L. Hughes [42]. A solid 
dispersion formulation has been patented, suitable for oral administration [43,44]. The 
formulation can be filled into a capsule [43,44] or formed into a tablet [43] with suitable 
excipients. Solid dispersion showed a satisfying pharmacokinetic profile of selected 
formulations and a good bioavailability of venetoclax in tablets. A phase 1 human study is 
included in the patent application with an established pharmacokinetic profile in humans 
from preliminary results [43]. 
2.4. Treatment 
Venetoclax can be used as a single agent or in combinations with other therapeutic agents. 
Many therapeutic indications have been explored, mainly related to different types of cancer 
and autoimmune diseases. 
2.4.1. Cancer treatment as a single agent 
In the US, a method of treating chronic lymphocytic leukemia (CLL), lymphoblastic 
leukemia, follicular lymphoma, myeloid leukemia, myeloma, breast cancer and a lymphoid 
malignancy of T cell or B cell origin with a therapeutically effective amount of venetoclax 
is patented [45]. Moreover, treatment of additional types of cancer with a pharmaceutical 
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composition comprising a therapeutically effective amount of venetoclax is patented in 
Europe [46,47], among which there are bladder cancer, brain cancer, bone marrow cancer, 
cervical cancer, colorectal cancer, esophageal cancer, hepatocellular cancer, oral cancer, 
ovarian cancer, non-small cell lung cancer, prostate cancer, small cell lung cancer and spleen 
cancer. 
2.4.2. Cancer treatment in combinations 
Notch pathway inhibitor resistant cancers 
A patent application including research on Notch inhibitor sensitive and resistant T-ALL 
cell lines found that BRD4 gene was upregulated in resistant cells. BRD4 gene encodes a 
bromodomain-containing protein 4 (BRD4). BRD4 was also found to be associated with the 
enhancer region of BCL2. Concurrently, upregulation of Bcl-2 protein was found in resistant 
cells. Although they experimented with the treatment of resistant cells with a bromodomain 
inhibitor JQ1, which resulted in a decrease of Bcl-2 protein levels and an increase in 
apoptosis in resistant leukemia cells, they presupposed that Bcl-2 inhibitors such as 
venetoclax could be a useful treatment for cancers with a Notch pathway activation mutation, 
or cancers that are resistant to treatment with a Notch pathway inhibitor [48]. A patent for 
single treatment with venetoclax for such an indication was not yet granted. But a 
combinational treatment of a bromodomain inhibitor, a Notch pathway inhibitor and a Bcl-
2 inhibitor (venetoclax) recieved granted patent in the US [49]. 
Combination with a vascular disrupting agent for the treatment of resistant CLL 
CLL cells resistant to many drugs, including venetoclax and BNC105P - a vascular 
disrupting agent, were treated with either venetoclax, BNC105P or a combination of both. 
Venetoclax alone (100 nM) induced about 10% apoptosis. A combination of 100 nM of 
venetoclax and 1 μM of BNC105P induced more than 60% apoptosis and a combination of 
1 μM of venetoclax and 1μM of BNC105P induced apoptosis in about 80% of cells. Another 
patient’s cells that were more sensitive to BNC105P alone were used. In that case, a greater 
sensitization to venetoclax alone was observed [50]. 
A combination with a CDK inhibitor for the treatment of SCLC and DLBCL 
A combination of a Cyclin-dependent kinase (CDK) inhibitor dinaciclib and venetoclax was 
tested in vitro and in vivo. In vitro testing was carried out on small cell lung cancer (SCLC) 
and diffuse large B-cell lymphoma (DLBCL) cell lines. The combination resulted in 7 – 
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64.9% decrease in cell viability compared to single agent activity. The cell viability was 
tested in 8 h after treatment, which indicates that a combination can quickly show benefit 
over a single agent treatment. A synergistic effect of the combination was tested and 
observed in two ovarian cell lines and three DLBCL cell lines. In vivo testing was performed 
on SCLC and DLBCL xenografts (Table 2). As single agents neither dinaciclib nor 
venetoclax had any effect on the SCLC xenograft model. However, a combination resulted 
in 79% tumor growth inhibition (TGI), showing potential in indications where neither agent 
is active alone. In DLBCL xenograft models single agent activity was observed for both 
agents, however, the combination showed greater anti-tumor effect and tumor regression. 
After the termination of the treatment in 11 days, the tumor size increased but the growth 
was delayed. The combination was well tolerated in all the models, measured by the model 
body weight [51]. A combination of dinaciclib and venetoclax for the treatment of DLBCL 
or SCLC obtained granted patent in the US [52]. 
Table 2: In vivo models used for testing the combination of dinaciclib and venetoclax. 
Cell line Organism Dosing/Administration 
NCI-H82 human 
SCLC* xenograft 
Athymic nude mice 
(lacking a thymus gland, 
have no T cells and do not 
reject tumor or other 
cells) 
- Dinaciclib in 20% hydroxypropyl beta-cyclodextrin,
(HPBCD), 40 mg/kg intraperitoneal (ip) every 4 days
- Venetoclax in 10% ethanol, 30% polyethylene glycol
(PEG) 400 and 60% Phosal 50 PG, 100 mg/kg orally
(po) daily




SCID (severe combined 
immunodeficient) beige 
mice 
- Dinaciclib in 20% HPBCD, 40 mg/kg ip every 4 days
- Venetoclax in 10% ethanol, 30% PEG 400 and 60%
Phosal 50 PG, 100 mg/kg po daily




SCID beige mice - Dinaciclib in 20% HPBCD, 40 mg/kg ip every 4 days
- Venetoclax in 10% ethanol, 30% PEG 400 and 60%
Phosal 50 PG, 100 mg/kg po daily
- 11 day treatment (3 cycles of dinaciclib and 11 cycles 
of venetoclax), monitored to day 48
* SCLC = small cell lung cancer; DLBCL = diffuse large B-cell lymphoma
A combination with a BTK inhibitor and an additional agent for the treatment of 
DLBCL 




yl)pyrrolidin-1-yl)prop-2-en-1-one) also labelled in the patent application as compound 3, 
and everolimus or idelalisib has shown an inhibitory activity as high as 95%. Double agent 
combinations were also tested (Table 3). 
Table 3: Inhibitory activities of different compounds and their combinations on TMD-8 cell line, a sensitive 
human DLBCL cell line.  
Single agent 
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*BTK = Bruton’s tyrosine kinase; Bcl-2 = B-cell lymphoma 2; mTOR = mammalian target of rapamycin; PI3K 
= phosphoinositide 3-kinase
** Compound 3 was first tested as a single agent in a wide concentration range. Then it was tested again in
smaller concentrations along with venetoclax and everolimus.
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A combination of compound 3, everolimus and venetoclax was used for treatment of a TMD-
8 mice model. TMD-8 cell line is a human DLBCL cell line. After 8 days of treatment, the 
DLBCL tumor disappeared and a complete regression was observed for the remaining 14 
days. However, the tumor did not disappear when a combination of venetoclax with only 
mTOR kinase inhibitor (everolimus) or with only BTK inhibitor (compound 3) was 
administered as well as when a combination of BTK inhibitor (compound 3), PI3K kinase 
inhibitor (idelalisib) and venetoclax was administered [53]. 
Combination with IRAK inhibitors for the treatment of MDS 
When exploring interleukin receptor associated kinase-1 (IRAK1) inhibitors for the 
treatment of myelodisplastic syndrome (MDS) and acute myeloid leukemia (AML), they 
noticed that the treatment with IRAK inhibitor upregulated proapoptotic genes as well as 
increased BCL2 expression in multiple cell lines. It was speculated that in some cells, IRAK 
inhibitors might not effectively induce apoptosis due to the compensatory upregulation of 
Bcl-2 in aforementioned cells. A combination of an IRAK inhibitor and a Bcl-2 inhibitor 
was therefore tested on MDS/AML cells and showed synergistic inhibition of cell growth 
and survival. Furthermore, the inhibition was tested in vivo. Co-treatment resulted in a 
significant delay of MDS-like disease in NSGTM mice with increased survival of the subjects. 
Although a different Bcl-2 inhibitor was used (ABT-263), the use of other Bcl-2 inhibitors, 
such as venetoclax, was suggested [54]. The patents for the treatment of MDS with a 
combination of an IRAK inhibitor and venetoclax were granted in the US as well as in 
Europe [55–58]. 
Combination with PI3K modulators 
Patent was granted for a combination of venetoclax with a phosphoinositide 3-kinase (PI3K) 
modulator for the treatment of a specific cancer or hematologic malignancy. There are no 
specific examples of said combination testing in the patent application; however, a 
combination of a PI3K modulator with ibrutinib, an irreversible inhibitor of Bruton 
agammaglobulinemia tyrosine kinase (BTK), was tested on various cell lines. The 
combination provided a significant combination effect on growth inhibition that was mostly 
synergistic. Some reasoning for a combination with doxorubicin was also provided on the 
basis of a different pattern of sensitivity of an ALL cell line (PTEN deficient cell line – 
Loucy) to PI3K inhibitors than that to doxorubicin. Similarly, a different pattern of 
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sensitivity, than that to PI3K inhibitors, of a particular cell line could also apply to some 
other therapeutics such as venetoclax [59]. 
Combination with a TRAIL receptor agonist protein 
Treatment of human tumor cells with a combination of a tumor necrosis factor (TNF)-related 
apoptosis inducing ligand (TRAIL) receptor agonist protein and venetoclax showed a 
synergistic effect on tumor cell death in 27 cell lines; namely DLBCL, AML, B-cell non-
Hodgkin lymphoma, essential thrombocythemia, chronic eosinophilic leukemia and 
erythroleukemia cell lines. However, an antagonistic effect was noticed on 11 other cell 
lines; namely DLBCL, erythroleukemia, AML and acute megakarcyoblastic leukemia cell 
lines. It was shown that the combination of the two therapeutic agents could be useful in 
specific cases, but the combinational treatment was not in any of the patent application’s 
claim section [60]. 
Combination with a parvovirus 
In a recent patent application [61] inventors hypothesized that the defects in cell death 
pathway may contribute to a parvovirus cytotoxicity resistance. The combinational treatment 
of the oncolytic rat parvovirus H-1PV with a Bcl-2 inhibitor ABT-737 was thus explored. 
Tests were performed on different cancer cell lines: gliomas, pancreatic ductal 
adenocarcinoma, cervical carcinoma, lung carcinoma, head and neck cutaneous squamous 
cell carcinoma, colon colorectal carcinoma and breast cancer. A synergistic effect was 
observed in all the cell lines. The cytotoxicity of H-1PV on cancer stem cells was also 
increased with ABT-737. Furthermore, it was shown that the combinational treatment is not 
harmful for normal human primary cells even at higher concentrations and for a longer time. 
Since venetoclax is more specific against Bcl-2 than ABT-737, the combination of H-1PV 
with venetoclax was investigated. Venetoclax increased the cytotoxicity of the virus 
although to a lesser extent when compared to ABT-737. The use of venetoclax for a 
combinational treatment may still be considered valuable. In vivo synergy between H-1PV 
and ABT-737 was tested on a human pancreatic carcinoma xenograft nude rat model. Single 
agent treatment showed no significant therapeutic effect. In contrast, a combinational 
treatment resulted in complete and durable tumor remission. No animals showed loss of 
weight or and other adverse side effect. Corresponding patents were granted in US, Europe, 
Japan and Australia [62–65]. 
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Combinations with BTK inhibitors 
Patents were granted for a combination of novel BTK inhibitors with venetoclax [66]. The 
invention suggests in vitro and in vivo cell proliferation assays however, no results for such 
tests for the combinational treatment are provided within the patent application. 
Combination with cytotoxic stapled BH3 peptides 
Stapled peptides are helical peptides that contain a crosslink connecting two sidechains or a 
sidechain and a backbone. A peptide with such a crosslink favors a helical structure. Some 
stapled peptides can cross cell membranes, which makes them attractive lead molecules in 
drug design. BH3 peptide exhibits affinity towards pro-survival Bcl-2 family of proteins, 
namely Mcl-1 and Bcl-XL. Different cell lines showed differential behavior towards different 
BH3 peptides. Thus, it is important to develop and use therapeutics that complement each 
other [67]. A composition with venetoclax was patented in the US [68]. 
Combinations with antibodies and antibody-drug conjugates (ADCs) 
Patents with combinations of antibodies and antibody-drug conjugates (ADCs) with 
venetoclax or antibody-drug conjugates containing venetoclax are summarized in Table 4. 
UVODNO POGLAVJE 
33 
Table 4: Patents with combinational treatment of antibodies or ADCs with venetoclax or ADCs containing 
venetoclax 
Antibodies and ADCs Comment/findings Combination with 
venetoclax in 





No experimental data for the 
combination provided in the patent 
application 





as the drug moiety and 
combinations with other 
anti-CDH6 ADCs 
- The addition of a linker and drug
to form an ADC does not interfere
with binding or specificity of anti-
CDH6 antibodies
- A potent synergy was seen with an
anti-CDH6 ADC in combination
with Bcl2/Bcl-XL inhibitor ABT-
263
- Treatment of CDH6 positive
cancer





No experimental data for the 
combination provided in the patent 
application 
Not specific 





No experimental data for the 
combination provided in the patent 
application 
Not specific 
(conjugates with a 
cytotoxic agent) 
[72][73] 
*anti-hEGFR = anti-human epidermal growth factor receptor; anti-CDH6 = anti-cadherin-6; anti-CD79b =
cluster of differentiation 79b/immunoglobulin-associated beta; anti-OX40 = anti-tumor necrosis factor receptor 
superfamily member 4 (TNFRSF4)/CD134
2.4.3. Autoimmune diseases 
Systemic lupus erythematous and Sjörgen’s syndrome 
Treatment of systemic lupus erythematous or lupus nephritis with venetoclax and other 
selective Bcl-2 inhibitors was explored with experiments in the spontaneous murine model 
of lupus ((NZBxNZW)F1) [38]. Systemic lupus erythematous (SLE) is an autoimmune 
disease, where the body’s immune system targets its own body tissues. SLE can cause many 
different symptoms among which is also lupus nephritis that occurs when the immune 
system targets kidneys, causing an inflammation [74]. Mice were given daily oral doses of 
venetoclax ranging from 1 to 100 mg/kg or mycophenolate mofetil (MMF), a drug used for 
the treatment of lupus. Proteinuria (PU) and survival were then monitored weekly and 
lymphocyte and platelet count as well as anti-double stranded deoxyribonucleic acid (anti-
dsDNA) production were measured biweekly. Immunoglobulin G (IgG) anti-dsDNA 
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antibodies are biomarkers of SLE, and PU shows a disruption in kidney function. Treatment 
with venetoclax delayed the onset of severe PU in a dose-dependent manner. Furthermore, 
the treatment significantly prolonged survival. These results correlated with the decrease of 
lymphocyte counts in peripheral blood. Efficacy of venetoclax on PU and survival at the 30 
mg/kg dose was comparable to MMF treatment at 100 mg/kg. A 40 week treatment with 30 
and 100 mg/kg of venetoclax resulted in a significant inhibition of the increase in anti-
dsDNA compared to vehicle control. Such results were comparable to the treatment with 
MMF. However, no large reduction on anti-dsDNA titre was detected with a treatment of 1, 
3 and 10 mg/kg of venetoclax. Said antibodies play a role in the progression of SLE as well 
as Sjögren’s syndrome (SS) [39]. SS is an autoimmune disease, where lymphocytes infiltrate 
the exocrine glands, mainly salivary and lacrimal glands resulting in symptoms such as dry 
mouth and eyes. The other characterization of the disease is B-cell hyperactivity, which 
manifests by the presence of serum autoantibodies [75]. 
Furthermore, histologic assessments of the kidney tissue and salivary glands were made to 
determine the penetration of venetoclax into the tissue. At doses of 30 and 100 mg/kg a 
significant decrease in severity of glomerulonephritis, tubular changes and cell infiltrates 
was noticed in kidney tissue, along with a decrease in IgG deposition. Infiltrates in the 
salivary glands of the mice treated with 30 or 100 mg/kg of venetoclax were small, discrete 
and less frequent [38]. 
The disease in spontaneous model of lupus develops slowly. An additional testing was thus 
performed on an Interferon alpha (IFNα)-accelerated lupus model. A 7-day treatment with 
30 and 100 mg/kg/day of venetoclax orally prolonged survival and showed a significant 
delay in the onset of severe PU. The results were comparable to MMF (100 mg/kg/day 
orally) and BAFFR3-Ig, a B-cell activating factor/B lymphocyte stimulator (BAFF/BLyS) 
blocker that causes a systemic reduction in B cell numbers in lymphoid organs (15 mg/kg, 
3x/week by intraperitoneal injection). However, venetoclax did not significantly inhibit anti-
dsDNA titre in the accelerated model although a > 70% lymphopenia was maintained 




In another patent application the effect of Bcl-2 inhibitors on senescent cells was explored 
[76]. Senescent cells are cells that are in a state of irreversible growth arrest. Senescence can 
work as a plausible tumor suppressing mechanism by preventing cell division, but can also 
contribute to aging [77]. It was also shown that senescent cells are more resistant to apoptosis 
due to the upregulation of the proteins of the Bcl-2 family [78]. Venetoclax did not succeed 
in selectively targeting senescent cells over non-senescent cells. However, navitoclax, a non-
Bcl-2 selective inhibitor, was able to selectively target senescent cells [76]. In a later study 
it was shown that the key aspect was the inhibition of Bcl-W and Bcl-XL [78]. 
3. Conclusion
Venetoclax is a selective Bcl-2 protein inhibitor. Bcl-2 has shown to be overexpressed in 
multiple types of cancer. It is an anti-apoptotic oncogene, meaning it can prevent the 
apoptosis of malignant cells. With the inhibition of Bcl-2, apoptosis of cancer cells can be 
triggered. A patent for venetoclax was first granted in the US in 2013 [36,37]. Venetoclax 
has shown a high binding affinity towards Bcl-2 protein and the efficacy in a cellular context 
with a low EC50 value on a Bcl-2 dependent ALL human cell line. Furthermore, a selective 
binding to Bcl-2 was shown. The original synthesis route and the manufacturing route were 
provided in patents by AbbVie [36,37,39,40]. An alternate route of synthesis can be found 
in a Chinese patent [41]. Venetoclax can mainly be used for the treatment of a variety of 
cancers. Besides the single agent treatment, venetoclax has shown to be effective in 
combinations with other chemotherapeutic agents. The combinational treatments have 
exhibited effectiveness against multiple types of cancers that are otherwise not responsive 
to single agents from said combinations. Combinations with antibodies, viruses and peptides 
have already been tested or envisioned. Moreover, the usefulness of venetoclax in the 




A long way was paved towards the discovery of venetoclax [79,80]. Since then, numerous 
studies have been conducted to show its therapeutic use. Although venetoclax has been 
approved for the treatment in US and Europe, the indications for treatment are quite limited. 
Many studies suggest that the full therapeutic potential of venetoclax is not yet exploited. 
Patents have already been granted for the treatment of a variety of different cancers with 
venetoclax. The therapeutic potential is mostly strong with hematological malignancies: 
CLL, SLL, non-Hodgkin’s lymphoma, DLBCL, multiple myeloma and follicular 
lymphoma. The true versatility of venetoclax can be seen in a number of studies where it is 
used in combinational treatment. Venetoclax seems to work well with a diverse assortment 
of chemotherapeutics. The combinations often express a synergistic effect over a single 
agent treatment. Moreover, the combinations are sometimes useful in indications where a 
single agent shows no promise. Thus, with studying these combinational treatments, 
effective therapies for new indications can be uncovered. Furthermore, what seems to be 
even more important is the usefulness of venetoclax in resistant cancers. It is important 
however to test these combinations. Interestingly, many patent applications claim the method 
of treatment with an agent and venetoclax as an additional agent with no experimental data. 
Besides cancer, venetoclax has shown potential in the treatment of SLE. Venetoclax and 
other Bcl-2 inhibitors could therefore be useful in specific autoimmune diseases, where 
elevated levels of Bcl-2 can be found or where neutrophilia occurs. 
There are many more patent applications out there waiting for their patents to be granted. 
Many of them tackling the processes of preparation of venetoclax, new formulations, or 
combinational treatments with venetoclax. Some even exploring new therapeutic territories 
such as type 1 diabetes [81] and innovative forms like pH-sensitive nanoparticles for the 
treatment of asthma [82]. Venetoclax was even among top 100 hits of the in silico virtual 
screening for Zika virus protease inhibitors [83], but was later not chosen for further studies. 
Venetoclax has already shown to be a useful therapeutic in a variety of indications. It is the 
first Bcl-2 inhibitor on the market, waiting for the expansion of its therapeutic class. 
Although the road of discovery was a long one, new horizons are now opened for further 
discoveries in the field. 
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Tega preglednega znanstvenega članka ne uporabljam za izpolnitev pogoja pristopa k 
zagovoru, temveč zgolj za dopolnitev uvodnega poglavja. Članek je bil uporabljen v 
doktorski disertaciji Tima Tometa, ki je prvi avtor članka, kot uvodno poglavje. 
Moj prispevek v članku: 
V članku sem napisala drugi del poglavja 3.2., drugi del poglavja 3.3., drugo polovico 
poglavja 3.4., zadnji odstavek poglavja 3.5. in poglavje 3.6. V sodelovanju z mentorjem sem 
oblikovala sliko 1 v članku na podlagi podatkov, ki sva jih zbrala skupaj z mentorjem. V 
celoti sem pripravila in oblikovala sliki 2 in 9. Pomagala sem pri idejni zasnovi za slike 5, 




Pregledni članek predstavlja koncept vgrajevanja kakovost v analitske metode (AQbD ali 
»Analytical Quality by Design«), ki je razširjen koncept razvoja z vgrajeno kakovostjo (QbD
ali »Quality by Design«). QbD je Ameriška agencija za hrano in zdravila (FDA) predstavila
leta 2004, leta 2005 pa je bil QbD sprejet s strani Mednarodne konference za harmonizacijo
(ICH). AQbD je sistematičen pristop k razvoju analiznih metod, ki zajema vse dele
življenjskega cikla analizne metode. Vključuje definicije tarčnega profila analizne metode
(ATP), identifikacijo kritičnih parametrov ali faktorjev metode in izbiro kritičnih atributov
ali odzivov metode (CMAs). Pregledni in polni interakcijski načrti eksperimentov
omogočajo prepoznavo in optimizacijo  faktorjev, ki imajo pomembne vplive na kritične
odzive metode. Razmerja med parametri in odzivi so opisana z matematičnimi modeli.
Kombinacije več faktorjev, ki zadoščajo zahtevam za metodo, so predstavljene v
optimalnem območju metode. Kombinacije faktorjev, kjer je metoda robustna znotraj
optimalnega območja, definirajo robustno območje metode.
Ta pregledni članek predstavi teoretično ozadje AQbD za razvoj analiznih metod in nadaljnji 
potek dela znotraj AQbD procesa skozi primere nedavno objavljenih raziskovalnih člankov. 
Koncept AQbD se v predstavljenih primerih izkaže za zanesljiv in učinkovit pristop. 
Analizne metode, razvite z AQbD so robustne, validabilne, krajše in zmožne analizirati več 
analitov hkrati v primerjavi z analiznimi metodami razvitimi s klasičnim pristopom 
spreminjanja enega faktorja naenkrat (OFAT). 
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Development and Optimization of Liquid Chromatography
Analytical Methods by Using AQbD Principles: Overview and Recent
Advances
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ABSTRACT: This review presents the Analytical Quality by Design (AQbD) concept, an extension of Quality by Design
(QbD), which was introduced in 2004 by the U.S. Food and Drug Administration (FDA) and approved in 2005 by the
International Conference on Harmonisation (ICH). AQbD is a systematic approach to method development, controlling all
stages of the analytical procedure life cycle. It includes a definition of the analytical target profile (ATP), identification of critical
method parameters or factors, and selection of critical method attributes (CMAs) or responses. Screening and response-surface
experimental designs allow the recognition of significant factors and their optimization by statistical analysis. The factor−
response relationship is described by a mathematical model, which is able to predict the optimal response. Multivariate
combinations of factors fulfilling the CMA requirements are presented in the design space or method operable design region
(MODR), where robust method performance is ensured. This review presents the theoretical background of AQbD for method
development and its workflow through recently published cases in which the AQbD concept proved to be a reliable and
effective approach. Analytical methods developed by using the AQbD approach are highly robust, are easily validated, have
shorter run times, and are capable of determining a higher number of analytes in one run compared with the methods developed
by the one-factor-at-a-time (OFAT) approach.
KEYWORDS: AQbD, liquid chromatography, analytical method robustness, analytical method optimization,
pharmaceutical analysis, pharmaceuticals
1. INTRODUCTION
The main goal of the pharmaceutical industry is to provide
drug products with sufficient quality, efficacy, and safety. The
development of a new drug product and its production consist
of many pharmaceutical processes, including analytical testing.
The analytical data generated support further decisions on how
development should be pursued or provide information on
whether a drug product should be released. It is important that
each such development or production process provide credible
results with constant quality, and therefore, it needs to be
controlled and, if necessary, continually improved. By
improvement of the quality of a pharmaceutical process, the
quality of a drug product is also improved.
Analytical methods are among the most critical processes in
drug product development and production. They play a key
role in supporting other development and production
processes throughout all stages of a drug product’s life cycle.
It is essential that an analytical method be precise, accurate,
and reliable, making it suitable for its intended purpose.1,2
In most cases, the main working principle of an analytical
method is separation of the analytes present in the sample.
Liquid chromatography (LC) techniques are most commonly
employed, such as high-performance liquid chromatography
(HPLC) or ultraperformance liquid chromatography (UPLC),
often in reversed-phase mode with UV absorbance detection.
The purposes of analysis differ depending on the number,
importance, and relation of analytes that are required to be
determined. Analytical methods for the assay of an active
pharmaceutical ingredient (API) or determination of its related
substances and degradation products are most commonly
applied.2
Development of a specific and robust stability-indicating LC
method for the determination of related substances and
degradation products is a complex process. It requires a
deliberate forced degradation of a drug substance and/or a
drug product under various stress conditions, such as
hydrolytic, oxidative, photolytic, or thermal conditions, to
provide stressed samples containing the analyte and its
degradation products. The stress conditions are more severe
than the accelerated and long-term stability conditions
prescribed in the ICH guidelines for stability testing. An
analytical method for determination of degradation products
should be capable of detecting their increase during the
product’s shelf life, and the method for the assay should be
capable of detecting any decrease in the drug substance’s
content during its shelf life. Such methods are stability-
indicating.3−6
Besides degradation products from stability studies, samples
of drug products in development may, in addition to an API,
also contain impurities of raw starting materials, intermediates
from synthesis, process impurities, and indifferent excipients.
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APIs containing stereocenters may also form closely related
structures, such as diastereomers or enantiomers, for which the
separation becomes an even greater challenge. All of these
impurities do not have a desired therapeutic effect, but they
may reduce the efficacy of the drug or even endanger a
patient’s health. Therefore, it is necessary to control them
during the development, production, and entire life cycle of the
product to ensure the safety and efficacy of the drug product.2
As the number of compounds investigated increases, the
complexity of an LC method grows. An important feature of
the method, which must not be compromised, is its robustness.
According to ICH Q2(R1), the robustness of analytical
procedure is defined as “a measure of its capacity to remain
unaffected by small, but deliberate variations in method
parameters and provides an indication of its reliability during
normal usage”,7,8 and it should be evaluated during method
development phase. However, there are many reasonable
doubts about whether the traditional approach to method
development or robustness studies meet such requirements.
HPLC methods are often developed using a trial-and-error
or one-factor-at-a-time (OFAT) approach, in which one
chromatographic parameter is varied in consecutive experi-
ments until a sufficient resolution between chromatographic
peaks is achieved. This significantly increases the number of
experiments if there are many parameters affecting the
separation. Such an approach lacks the identification of critical
method parameters on the basis of the analyst’s knowledge and
experience. Thus, it can be very time-consuming, especially
when examining less relevant method operating parameters
with a negligible effect on separation. In addition, interactions
between parameters, which may prove to be important, are
rarely considered for study. Hence, development using the
OFAT approach often leads to a nonoptimized method with
an insufficient understanding of multiparameter interaction
effects, resulting in a nonrobust method working perform-
ance.1,2,9
Typically, method development and validation are per-
formed in one laboratory, and ongoing routine analyses are
carried out in another. Here, inconsistent method performance
may make the method transfer step critical because of the
many factors involved (different LC systems, different column
and/or solvent batches, variability that may be attributed to
analysts, etc.). These factors might significantly affect the
method operation in routine use, causing out-of-trend (OOT)
or out-of-specification (OOS) results.9
Even if method transfer is successful, it still presents a one-
time exercise, confirming that the method sufficiently operates
at the time and place of the transfer exercise but not proving its
consistent reliability throughout its lifecycle.10 Because
methods developed using the OFAT approach carry a high
risk of method failure, changes in method parameters often
have to be implemented. In this case, a revalidation protocol is
needed, and the change has to be submitted to regulatory
agencies. These changes negatively impact cost, time, and
resources.1,11
In 2004, the U.S. Food and Drug Administration (FDA)
introduced the concept of Quality by Design (QbD) as an
essential tool to be used in developing new drug products and
drug-product-related processes.12 The main purpose is to build
quality directly into the drug product by scientifically designing
it in codependent pharmaceutical processes.2,11 In 2005, QbD
was approved by the International Conference on Harmo-
nisation (ICH), whose ICH Q8(R2) guideline defines it as “a
systematic approach to development that begins with
predefined objectives and emphasizes product and process
understanding based on sound science and quality risk
management.”13 That same year, the ICH Q9 guideline14
was issued, and the ICH Q10 guideline15 was added in 2008.
They provide an overview of scientific principles and basic
tools of quality risk management that can be applied to build
quality into a pharmaceutical product throughout different
stages of its lifecycle, and ICH Q10 also emphasizes innovation
and continual improvement in the development and
manufacture of pharmaceutical products. In addition, the
ICH Q11 guideline16 was released in 2012, focusing on
scientific principles and approaches to developing and
manufacturing drug substances. Although the ICH Q8(R2)
guideline requests a QbD approach as a part of lifecycle
management in pharmaceutical development, there is an
opportunity to extend the application of the QbD approach
to analytical procedure lifecycle management as well, including
activities of analytical method development, validation, trans-
fer, and constant improvement.1,2,17
In July 2015, a new guidance for industry was published by
the FDA concerning analytical procedure and method
validation for drugs and biologics.18 This guidance offers
only recommendations and does not obligate legal responsi-
bilities. Nevertheless, in the guidance’s third section a few
recommendations on analytical method development certainly
stand out, saying that when performing a robustness study for a
method one should adopt a systematic approach, beginning
with an initial risk assessment and followed by multivariate
experiments on method parametersfor example, Design of
Experiments (DoE)to fully evaluate and understand factorial
parameter effects on method performance. The guidance also
emphasizes analytical procedure lifecycle management to
ensure that the method remains fit for purpose after validation.
If not, a risk-based approach to developing and validating the
analytical method should be considered.
Moreover, in 2017, a Stimuli to the Revision Process article
was published in Pharmacopeial Forum 43(1), discussing a new
proposed United States Pharmacopeia (USP) general chapter,
The Analytical Procedure Lifecycle ⟨1220⟩, in which a
comprehensive view on the entire analytical procedure lifecycle
is described.19 The chapter also defines modern concepts while
being consistent with ICH Q8(R2), Q9, Q10, and Q11
principles. Taking advantage of the QbD approach, it
emphasizes an extension of these guidelines to all three stages
of the analytical procedure lifecycle: design and development,
performance qualification, and continuous performance
verification.
In June 2018, the ICH announced that it would begin
preparing a new Q14 guideline for analytical procedure
development and validation, which will include a revision of
the existing Q2(R1) guideline on validation of analytical
procedures (Q2(R2)) and the topic of a QbD concept for
analytical methods, termed Analytical Quality by Design
(AQbD). It is expected that the AQbD approach to
development and validation will help define a proper control
strategy for analytical procedures in order to control sources of
variability and consistently provide credible results with
constant quality.20
All of these guidelines obviously gave impetus to the
scientific community to explore AQbD in analytical method
development, since the number of published scientific articles
containing AQbD elements is rising (Figure 1).
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In line with increased awareness of regulatory authorities
regarding implementation of the lifecycle concept for analytical
methods, application of the AQbD approach has become a
current area of focus for many pharmaceutical companies,
medicine agencies, research institutes, and universities.21 As of
2016, applications of AQbD in LC method development had
been reported and discussed in several publications.22−42 In
most cases, stability-indicating methods are discussed, either
for determination of degradation products or an assay of the
main API in pharmaceutical dosage forms.22−27 Some
publications also discuss multiple assay determination because
two or more APIs are combined in a single dosage form.28,29
There are several publications in which a method for
determination of an API and its impurities needed to be
optimized or newly developed,30−35 and a few cases discussing
the determination of the assay of a preservative in final dosage
forms.36,37
AQbD-based method development benefits from increased
method robustness so that fewer unpredictable errors and
OOS results may occur during long-term routine use of the
method. This causes fewer additional postapproval changes,
which makes a method cost-effective with increased credibility
of analytical results. The AQbD approach emphasizes
systematic method development through critical assessment
of potential risks in method failure and evaluation of the main
and interaction effects of method parameters to obtain optimal
working performance for a method and determine an area of
robustness for the method. As a result, a better understanding
of the method’s operating performance is gained during
method development, which strongly contributes to successful
method validation or transfer later on. Moreover, AQbD offers
an opportunity for regulatory flexibility because postapproval
changes in method parameters inside its area of robustness are
regulatorily not considered a change, so no revalidation
protocol is required.2,19,21
Until 2019, several reviews of AQbD have been published,
some of them very recently.1,43−45 Most of them describe the
theoretical background of AQbD in detail, while the scientific
achievements using the AQbD concept, presented through
several research articles, are either briefly summarized in tables
or considered as examples to supplement the theoretical
background of AQbD.
This review presents the importance of this new advanced
methodology for analytical development in the pharmaceutical
industry. It consists of a brief overview of the theoretical
background of AQbD and an overview of the latest
achievements in the application of AQbD to LC method
development from 2016 onward. It focuses on an in-depth
case-by-case presentation of the AQbD workflow on method
development by overviewing practical cases published in
several research articles, which differentiates this review from
others. For each presented case, it also briefly describes what
the authors accomplished and which issues they solved using
the application of AQbD.
2. THEORETICAL BACKGROUND OF AQBD
The first step in AQbD (Figure 2) is a predefinition of the
requirements for the method, named the analytical target
profile (ATP). An ATP is a set of analytical method objectives
that define what will be measured and the performance criteria
(precision, accuracy, range, etc.) to be achieved by the
measurement.17,46,47 It should be established before starting
the development of the method, defining its intended purpose,
but without specifying the analytical technique. Therefore, an
example of an ATP for determination of related substances and
degradation products of an API in a drug product with a
specification limit of not more than 0.20% could be the
following: “The analytical procedure should be able to
quantitatively determine all known/specified related substan-
ces and degradation products of an API in the presence of
excipients and other components of a drug product from a
reporting limit to 120% of their specification limit with an
accuracy within ±20.0% of the true value.” Once it is approved
by the regulatory authorities, an ATP facilitates greater
continuous improvement of the method by supporting
regulatory flexibility and should be considered in all stages of
the analytical procedure lifecycle.9,47
Once the ATP has been defined, an analytical technique
capable of fulfilling the ATP requirements should be selected.
There are many analytical techniques with specific working
Figure 1. The number of scientific publications on AQbD is rising
after release of new regulatory guidelines18−20 (analysis done using
Web of Science data and Google search).
Figure 2. AQbD workflow depicting the main steps of the AQbD
process: analytical target profile (ATP), risk assessment, screening,
optimization, robustness, and establishment of the method operable
design region (MODR). Each box contains a short explanation of the
particular step and/or the most commonly employed approaches for
that step.
Organic Process Research & Development Review
DOI: 10.1021/acs.oprd.9b00238




principles. However, for impurity profiling analysis, HPLC is
considered the most relevant.48 Because of the large number of
operating variables, it may be quite complicated to use, but it is
capable of providing precise and accurate results if
appropriately optimized for the intended purpose. A
remarkable upgrade is UPLC, which made its debut in
2004.49−51
Today, many UPLC systems for high-resolution analysis are
available commercially from various chromatographic suppli-
ers. These UPLC systems can operate at pressures up to
1200−1400 bar (≤20 000 psi) and thus are able to compensate
for back-pressures from higher-chromatographic-efficiency
columns packed with sub-2 μm particles and achieve higher
throughput (higher resolution, improved precision and
sensitivity, faster analysis time, and reduced solvent con-
sumption).
The next step is the selection of critical method attributes
(CMAs). These are the responses measured to control the
method’s performance. Because CMAs represent a strong link
between the intended purpose of the method and the
performance criteria according to the ATP, they may be
treated as method specifications. CMAs depend on the
analytical technique, working principle, and purpose of the
method. They are usually related to the selectivity, precision,
sensitivity, or accuracy of the method.2,10,21,52
For an impurity-profiling HPLC method, where the
separation quality is evaluated, the usual key CMA is the
resolution of the critical peak pair (Rs),
22,28,33−35,38,39 which
may be exchanged with measuring time differences between
chromatographic peaks or their selectivity factors (α).31,32
Meanwhile, for an assay HPLC method, a precise and
accurate result often depends on the shape of the main peak,
referring to the tailing factor (T) or theoretical plate count
number (N)23−25,27,28,38 as two important CMAs.
In several publications,22,28,30−32,37−40 the term critical
quality attribute (CQA) is used for the critical attribute of
an analytical method. According to Kochling et al.,21 a CMA
for an analytical method is an analogue of a CQA for a drug
product.
The development of an analytical method is a complex
process. Depending on the analytical technique, many different
parameters may be involved in a method’s performance, the
variability of which may have a significant impact on the
selected CMAs. In the case of HPLC, method development
might be quite challenging because there are several such
parameters, including buffer pH, buffer concentration, organic
solvent type, column temperature, and gradient slope.
However, these parameters need to be properly adjusted to
obtain the necessary separations and fulfill the CMA
requirements.2,53 Therefore, an analyst needs to put effort
and knowledge into an early critical assessment of method
parameters to identify high-risk parameters, that is, the ones
that present potential risks for the method. Risk assessment
can be carried out using several tools. One of the widely
utilized tools for risk assessment is a fishbone or Ishikawa
diagram, which identifies potential factors and distributes
factor-related risks into categories related to instrumentation,
materials, methods, measurements, laboratory environment,
and human factors.2,46,54 Factors are further assessed and
prioritized by failure mode and effect analysis (FMEA) or
other prioritization matrices to assess the severity of risk each
Figure 3. (a) Three-factor, two-level full factorial design (eight experiments assigned with green circles). (b) Three-factor, two-level fractional
factorial design (four experiments assigned with blue circles) obtained from the three-factor, two-level full factorial design. (c) Three-factor, three-
level central composite design (15 experiments including one experiment at the center point).
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factor presents for a method’s performance54,55 and to define
whether additional investigation is needed.1
2.1. Screening Designs of Experiments. One of the
advances of HPLC is its versatility; thus, it may be used in a
wide range of applications. However, because of the large
number of variables involved, there is a high probability that
chromatographic performance may become critical, especially
if the critical factors affecting the separation are not properly
set. Therefore, the Design of Experiments strategy should be
applied. DoE is a systematic approach using statistical tools for
designing experiments and mathematical modeling. In the
experimental design, one or more factors are simultaneously
varied to study the effects of these factors and their interactions
on a particular response. The factor−response relationship is
described by a mathematical model assembled from a set of
polynomial equations of a given order. Applying DoE is an
efficient way to identify and optimize significant factors with a
minimized number of experiments. In fact, the data generated
with DoE are supported by simple scientific evidence and
empirical experience and provide a better understanding of the
factor−response relationship.1,2,9,21,48,53
During completion of the risk assessment, many factors
seem to influence the HPLC separation process, but not all of
them are necessarily significant. Screening design is used to
select the most significant factors and factor interactions out of
potential critical ones to establish a so-called knowledge
space.2,53 In experimental design, variations in potential critical
factors need to be large enough to achieve values of responses
such that minimum CMA requirements are reached or
exceeded. For each CMA there is a minimum requirement
that needs to be fulfilled and a target one that is intended to be
fulfilled. For example, in the case of HPLC for impurity
profiling, the resolution criterion Rs must not be less than 2.0
and is intended to be not less than 2.5.22,33−35,39,41 In contrast,
in the case of an HPLC method for an assay, the minimum
requirement for the tailing factor is eventually its maximum
value because less peak tailing (0.8 ≤ T ≤ 1.5) allows more
precise integration and thus more exact quantification.21,46,52
In a screening design, two factor levels are usually screened
using either a linear or second-order interaction model. In a
linear model, the polynomial equation used to model the
responses is linear (y = b0 + b1x1 + b2x2 + residual),
53,56 and
hence, the relation between the factors and responses is
described by a first-order polynomial model.2,52 In a second-
order interaction model, the interactions between factors are
also investigated, and hence, the polynomial equation for
modeling responses (y = b0 + b1x1 + b2x2 + b12x1x2 + residual)
includes an additional interaction term, b12x1x2.
53,56 The
screening designs most often applied are a two-level full
factorial design, a fractional factorial design, and a Plackett−
Burman design. The distributions of experiments in a three-
dimensional (3D) space according to full factorial and
fractional factorial designs are presented in Figure 3a and
Figure 3b, respectively. These designs allow screening of a high
number of factors with fewer experiments and can also be used
for robustness or ruggedness testing.2,52,53
2.2. Response-Surface Design and Response Model-
ing. A higher category of DoE is named response-surface
design. It represents an optimization step of significant factors,
including their interactions, determined with the former
screening design in order to attain the optimal capacity of a
method’s working performance. The factors are studied at
more than two levels, and their relation to the responses is
described by a quadratic or higher-order-term polynomial
equation (y = b0 + b1x1 + b2x2 + b11x1
2 + b22x2
2 + b12x1x2 +
residual). The introduction of, for example, quadratic terms in
the model makes it possible to determine nonlinear relation-
ships between factors and responses, thus allowing model
curvature.53,56 Because factors are studied at more than two
levels, the experimental domain includes a replicated center
point to determine the experimental error.
Examples of response-surface designs are the three-level full
factorial design, central composite design, Box−Behnken
design, and Doehlert design.52 The distribution of experiments
in a 3D space according to a central composite design is
presented in Figure 3c. If there are any constraints concerning
factor levels, a D-optimal design covering an asymmetrical
experimental domain may be used. These designs require many
more experiments for an equal number of factors compared
with screening designs.2,53 They are able to predict responses
for given combinations of factors and are used to find the
combination of factors that predicts the optimal response.52
Once the experimental work by a higher-order response-
surface design is completed, the responses may be modeled. In
the modeling process, the polynomial model is fitted to the
experimental data to link the responses with the factors studied
and their interactions.2,53 Model fitting is usually performed
using a multiple linear regression (MLR) method,23−26,31,40,42
in which the regression coefficients (b0, b1, b2, b11, b22, b12, ...)
corresponding to the different factor terms of the polynomial
equation are calculated in order to evaluate factor and factor-
interaction effects on the response.53 By application of analysis
of variance (ANOVA), it is possible to determine the statistical
significance of the model. ANOVA describes the total variation
of the response as the sum of the regression component and a
component due to the residuals. When normalized for degrees
of freedom, it represents the variance of the responses around
their mean value, that is, the mean square (MStotal = MSregression
+ MSresidual).
The statistical significance of the model may be determined
by an F test, for which the F value is calculated by dividing the
model regression mean square by the residual mean square
(Fmodel significance = MSregression/MSresidual). If the ratio is higher
than the critical F value at a chosen probability level (e.g., p ≤
0.0005), the model is significant. Moreover, if replicated
experiments have been carried out (e.g., several repetitions of a
center point experiment), the residual component from the
total variation is assembled from the lack of fit (LoF)
component and a component due to pure experimental error
(MSresidual = MSLoF + MSpure error). The fitness of the model
may then be tested by comparing the LoF mean square to the
pure error mean square (Fmodel fitness = MSLoF/MSpure error). If
the ratio is higher than the critical F value, the model has a
significant LoF.53,56
Furthermore, empirical-model-based software for designing
experiments and statistical analysis (e.g., MODDE (Umetrics,
Umeå, Sweden) or Design-Expert (Stat-Ease Inc., Minneapolis,
MN, USA)) offers insight into two general metrics, namely, the
explained (R2) and predicted (Q2) variation, which are good
indicators of model quality. R2 expresses how well the model
describes the variation in the response, and Q2 indicates the
prediction ability of the model.57 Their values vary between 0
and 1. Usually, the exclusion of insignificant factors from the
model results in increased R2 and Q2. According to Lundstedt
et al.,56 values of R2 ≥ 0.8 and Q2 ≥ 0.5 are needed for
acceptable model fitting, and Q2 > 0.8 provides an excellent fit.
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By studying interactions between factors and higher-order
effect terms, response-surface designs provide a deep under-
standing of response behavior with respect to the factors
studied and thus facilitate the development of a mathematical
model that is able to predict responses for a given combination
of factors.2,52,53,56
2.3. Theoretical-Model-Based LC Method Develop-
ment. In addition to empirical models, where method
development is based on experimental data with the use of
mathematical and statistical modeling, an alternative to
advanced method development can be applied. The main
advantage of such an application is the ability to predict a
chromatogram for a random set of chromatographic
parameters. Thus, when the HPLC parameters investigated
(e.g., mobile phase composition, mobile phase pH, column
temperature, and gradient time) are simultaneously changed,
the software predicts movements of peaks and simulates the
corresponding chromatogram. Moreover, a relatively small
number of experiments are required for simulation of the most
suitable separation between chromatographic peaks.1,2 An
example of commercially available software for automated
reversed-phase HPLC method development is DryLab
(Molnaŕ Institute, Berlin, Germany).35,58,59 According to
Kormańy et al.,35 the working principle in DryLab is based
on the linear solvent-strength theoretical model, or so-called
solvophobic theory, with an emphasis on the gradient elution
principle because measuring the retention behavior of organic
compounds is necessary for proper HPLC retention modeling.
2.4. Design Space. Establishing a design space for the
method is the main goal an analyst must achieve when
developing a method. The design space is established from
interpretation of DoE results obtained with a higher-order
response-surface design by response modeling. It is usually
presented graphically as a multiresponse surface plot, in which
contour plots for each response measured as a function of the
investigated factors and factor interactions are overlapped. This
means that the design space is an area inside the limits of the
experimental domain formed by a multivariate range of factor
values in which all of the predefined CMA criteria are met and
the method is defined as robust.2,9,46,52 A design space that
specifically represents the working performance of an analytical
method is then termed the method operable design region
(MODR).1,2,9,17,21,46,48,50,52 An example of a design space is
presented in Figure 4.
Thus, an analytical method operating at parameter values
inside its MODR limits should be capable of providing quality
results with adequate probability. This means that the method
is no longer operable only at one set point of method
parameters but can be operated anywhere in the MODR,
where all sources of variability are controlled using a suitable
control strategy, for example, a system suitability test (SST).
From the regulatory point of view, any movement within the
MODR after method validation is not considered a change but
only an adjustment, so no revalidation of the method is
required.2,8,9 Thus, the MODR offers greater flexibility for the
method during its routine use,52 and meanwhile, it represents
an area of robustness for the analytical method.
Moreover, an important requirement of the regulatory
authorities defined in the ICH Q8(R2) guideline13 is that
process parameters inside the design space limits need to be
capable of “providing assurance of quality”. Therefore, when a
design space is created, possible variations need to be
acknowledged, originating from either response measurement
or model uncertainty. Only then will the probability that the
responses (CMAs) will reach the predefined criteria be high
enough (e.g., 99% certainty) to ensure adequate quality of the
method.60 Monte Carlo simulations turned out to be the
method most often applied26,30−32,57,60−64 to estimate model
uncertainty and thus to provide an adequate level of assurance
that the CMA specifications will be met in the design space.
3. RECENT APPLICATIONS OF AQBD TO LC METHOD
DEVELOPMENT
To date, several reviews summarizing cases in which the AQbD
approach was applied to LC method development have been
published.1,2,17,44−46,52,53 The second part of this review
focuses on a detailed review of recently reported research
articles published between 2016 and 2018 that discuss the
application of AQbD to the development of HPLC
determination methods mainly with UV detection. Because
of its versatility, the HPLC technique may be used for various
purposes using different retention mechanisms and elution
principles. This review discusses cases in which AQbD was
applied to develop LC methods for determination of an assay
or impurities of smaller synthetically produced molecules. The
representative sample matrix was either an API, a single dose,
or a combined-dose drug product. Moreover, cases of using
several different software tools for DoE, analysis of generated
experimental data, and establishment of a design space, which
are based on either empirical or theoretical models, are also
presented.
3.1. Development of HILIC Methods. Hydrophilic
interaction liquid chromatography (HILIC) is a less commonly
employed HPLC technique than reversed-phase HPLC.60,61 In
HILIC, the mobile phase is polar, containing at least 3%
aqueous phase in addition to a water-miscible organic solvent.
Water from the mobile phase adsorbs on silica particles of the
stationary phase and creates a water layer, making the
stationary phase polar. Thus, HILIC should provide adequate
retention of strongly polar compounds. Furthermore, various
retention mechanisms may be involved in the HILIC
Figure 4. Example of a design space (green-colored area) representing
the resolution of a critical peak pair (Rs,crit) as a CMA in dependence
on the combination of two significant factors: pH and column
temperature. The red area represents the region where the CMA
requirement is not fulfilled. According to this design space, the
column temperature should not exceed 41 °C, while below 35 °C and
above 40 °C the CMA is more sensitive to changes in pH. In this case,
an optimum setting could be a pH of 4.8 and column temperature of
37.5 °C. The probability of failure in the design space is less than 1%.
The design space was obtained using MODDE 11.0.1.
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separation process (e.g., reversed-phase, ion exchange, size
exclusion, and liquid−liquid partitioning). Hence, the develop-
ment of a specific HILIC method might lead to a less robust
method. Because retention behavior in HILIC separations is
often not completely understood, a systematic AQbD
approach to HILIC method development should be
adopted.31,60,61
Recently Terzic ́ et al.61 reported the development of a
HILIC method for determination of bilastine (substance 1)
and its two degradation impurities (substances 2 and 3) using
the AQbD approach. The main goal was to develop a method
with which a maximal separation of the three analytes could be
achieved within a minimal analysis runtime. Thus, the
selectivity factor between the critical impurity peak pair (α)
and the retention factor of the last eluting impurity (k′) were
chosen as CMAs. The results from the preliminary study
enabled the selection of a suitable chromatographic column,
column temperature, buffer salt, flow rate, and detection
wavelength and the recognition of critical method parameters
with the greatest impact on responses (CMAs), which were the
acetonitrile content in the mobile phase, the buffer
concentration, and the buffer pH. Thus, in this case,
conducting a screening design was not needed. Moreover,
the preliminary study results also contributed to setting
reasonable factor ranges for further optimization, the minimum
value of the selectivity factor (α > 1.3) to still achieve a
baseline peak separation, and the maximum value of the
retention factor (k′ ≤ 10). A three-level Box−Behnken
response-surface design was selected for method optimization
by the DoE strategy. The DoE was created using MODDE 11.
Fifteen experiments were performed, including three replicated
experiments at the center point to estimate an experimental
error, and both CMAs were measured for each experimental
run. Model fitting was performed using an MLR and least-
squares method in which nonsignificant model terms were
excluded from the model. The mathematical models created
showed adequate fit for the responses investigated (R2 ≥ 0.94,
adj. R2 ≥ 0.90) and provided good prediction ability (Q2 ≥
0.80) with a negligible LoF. The models revealed that the
selectivity factor between the critical impurity peak pair was
influenced by variations of all three factors studied and the
retention factor of the last eluting impurity was influenced by
variation of the acetonitrile content in the mobile phase and
the buffer pH, both individually and by their interaction.
Contour plots for each measured CMA were established and
overlaid to obtain a sweet-spot plot, representing a sweet-spot
area where both CMA requirements were met. Monte Carlo
simulations were used to establish a design space giving a 99%
probability that the criteria for both CMAs are met inside the
design space region. Furthermore, an optimal combination of
the factor values studied inside the design space was identified
with which the best separation of the three analytes in a
runtime of not more than 15 min can be achieved (Figure 5).
Although the robustness of the method developed was already
confirmed with a 99% probability, a robustness study was
performed using a two-level fractional factorial design. In
addition to the three factors studied, column temperature and
flow rate were additionally examined around their optimal
working-point values. Eleven experiments were carried out.
The predefined CMA criteria were achieved in each
experimental run, and the area of method robustness was
experimentally confirmed.
Another publication describing the application of the AQbD
approach to HILIC method development was published by
Tumpa et al.60 Here a gradient-elution HILIC method was
developed for determination of olanzapine (substance 4) and
its seven impurities. The results from the preliminary study
helped in the selection of a suitable stationary phase, buffer
concentration, buffer pH, flow rate, and detection wavelength.
The goal of the development was a robust method offering
maximum selectivity in a minimum analysis runtime. After
several isocratic experiments were performed, because of the
Figure 5. Simulated chromatogram obtained with the HILIC method developed using the AQbD approach. The separation of bilastine and its two
impurities was achieved in less than 15 min, and a suitable robustness of the method was confirmed by Terzic ́ et al.61
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inadequate selectivity and approximately 20 min longer elution
of the last impurity peak compared with other peaks, a linear
gradient elution was applied. The separation criteria between
the acetyl impurity (substance 5) and the dimer impurity
(substance 6) (s1) and between olanzapine and the
demethylated impurity (substance 7) (s2) were determined
to be CMAs. The column temperature, initial buffer content in
the mobile phase, and linear gradient time were recognized as
critical method parameters with the greatest influence on the
separation and needed to be further optimized. Screening
design was not applied because the results from the
preliminary study helped in setting factor ranges for method
optimization. A Rechtschaffen optimization design was
selected to create mathematical models using the DoE strategy.
The experiments were designed using MODDE 11. Ten
experiments with three additional replicated experiments at the
center point were randomly carried out, with both selected
CMAs being measured. The relationship between factors and
responses was acquired by MLR and the least-squares method.
The detailed statistical analysis resulted in high values of R2
(≥0.91), adj. R2 (≥0.84), and Q2 (≥0.64) and a nonsignificant
LoF, indicating that the models created fit the experimental
data adequately with good prediction abilities. The models
revealed that the initial buffer content in the mobile phase had
a negative influence on both CMAs, and the effect was
exponential for s1 because of a significant corresponding model
square term. The column temperature also influenced both
CMAs, whereas the linear gradient time affected only s2.
Taking into account minimum acceptable values for both
CMAs (s1,2 ≥ 0.01), the design space for the developed
method, inside which both CMAs would be met with 99%
certainty, was created using Monte Carlo simulations.
Moreover, an optimal working point was selected and
experimentally verified to provide remarkable separations
between all of the analytes investigated in less than 20 min
of analysis runtime (Figure 6).
3.2. Combination Drug Products. Today combination
drug products containing two or more APIs are becoming
highly applicable. An advantage is certainly achieved with
multitarget action in a single-dosage form, but it also makes
possible much easier drug product handling for a patient
during long-term treatment. The complexity of such
formulations increases with the number of APIs involved,
each of which shows different physical and chemical properties.
Thus, the development of a single analytical method for
characterization of a combined drug product, if at all possible
to achieve, presents a great challenge for every analytical
scientist.
In 2016 an interesting study was presented by Tol et al.57 on
AQbD-driven development of a reversed-phase HPLC method
for simultaneous determination of related substances and
degradation products in a combination drug product consisting
of three APIs: abacavir, lamivudine, and dolutegravir. The
development of a single HPLC method using an OFAT
approach was unsuccessful because the three main compo-
nents, 11 known impurities, and approximately 16 unknown
impuritiesthe structures of which were not presented in the
original articlecould not be efficiently separated. This led to
the development of two separate HPLC methods, which would
eventually become impractical for long-term use. Thus, AQbD
principles were applied to develop a single robust HPLC
method. The key objective was to separate all of the critical
peaks and attain adequate selectivity for the method. Indeed,
OFAT experimentation provided sufficient data for further
optimization. Out of 10 CMAs, the retention time of the
lamivudine carboxylic acid impurity (RT) and the critical
resolution between two abacavir impurities (Rs) were
determined to be the most important. The column temper-
ature, composition of mobile phase B, and buffer pH were
chosen as critical factors and further investigated through a
two-level full factorial design using Design-Expert 9.0 software.
Eleven experiments, including three replicated center points,
Figure 6. Suitable gradient HILIC method for the determination of olanzapine and its seven impurities developed using the AQbD approach by
Tumpa et al.60 The separation of all eight analytes could be achieved in less than 20 min of run time. A simulated chromatogram is presented.
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were performed in randomized order. Analysis of the results
revealed a curvature effect for some of the responses, including
Rs. A central composite (α = 1.47) response-surface design was
then applied to confirm the observed effect and to properly
model a nonlinear factor−response relationship. The exper-
imental results were statistically analyzed using ANOVA. For
the two most important CMAs (RT and Rs), the models were
proven to be statistically significant (p < 0.05). Moreover, good
reliability and predictability of the models for all of the CMAs
were confirmed with adequate R2, adjusted R2, and Q2 values.
From interpretation of contour and 3D graphs, the buffer pH
was recognized as the most influential factor for the two
CMAs, and the high significance of its squared term explained
the observed curvature effect. RT was also influenced by the
column temperature, whereas the composition of mobile phase
B had an impact only on Rs. To achieve the desired retention
time of lamivudine carboxylic acid (RT ≈ 7−8 min), a buffer
pH of about 2.5 or below was required. Meanwhile, for a
critical resolution (Rs > 2.0), the pH needed to be between 3.2
and 4.2. Because of the opposite optimal pH regions for the
two CMAs, two design spaces were established, each
neglecting one of two CMA requirements. Experimental
verification was performed at the optimal pH values of 2.5
and 3.35, and the optimal values of the column temperature
and mobile phase B composition were found to be common
for both CMAs. The results for all of the CMAs were within
the prediction interval and close to the 95% confidence
interval. However, to achieve a single method, the gradient
program was modified from binary to ternary. It began with a
buffer pH of 2.5 suitable for RT. After the elution of
lamivudine carboxylic acid, it was linearly switched to a buffer
pH of 3.5 suitable for Rs. Nevertheless, the sensitivities of the
method variables under the selected optimum conditions for
all 10 CMAs were determined using Monte Carlo simulations,
and the MODR defining a region for robust chromatographic
separation was established. According to Tol et al., the
resources, analysis time, and solvent consumption were
reduced by approximately 50% when the new single HPLC
method was applied instead of two separate ones for the
analysis of the drug product.
A multivariate optimization for the simultaneous determi-
nation of aspirin and simvastatin by a reversed-phase HPLC
method with an AQbD approach was carried out by Patel et
al.65 The method was required be accurate, precise, and robust.
Many preliminary experiments were run and resulted in a
mobile phase of disodium hydrogen orthophosphate buffer
with a pH of 2.9 and acetonitrile in a 30:70 v/v ratio. A
reversed-phase Kinetex C18 column (250 mm × 4.6 mm, 5
μm) was used. An Ishikawa (fishbone) diagram was composed
to identify the critical parameters. The optimization was
performed with a Box−Behnken design comprising three
factors (flow rate, buffer molarity, and acetonitrile content)
and three levels. Seventeen runs with five center points were
carried out. The flow rate was tested at 0.8, 1.0, and 1.2 mL/
min, the buffer molarity at 10, 15, and 20 mM, and the
acetonitrile content at 65, 75, and 85%. The responses taken
into account were the retention times of aspirin and
simvastatin, the resolution and tailing factor for simvastatin,
and the number of theoretical plates for aspirin, which were
selected as CMAs. The data were analyzed, and the model was
validated with Design-Expert 9.0 software. The model showed
good correlation with the experimental data. Response-surface
and perturbation plots were created to assess the effects of the
factors on the selected responses. The model showed 30
solutions for optimization, so goals (constraints for factors and
responses) were set to reduce the number of solutions. Three
solutions were selected for optimization, which resulted in the
following optimized conditions: flow rate, 0.93 mL/min; buffer
molarity, 15.81 mM; acetonitrile content, 83.89%. Validation
of the developed method confirmed its adequate specificity,
accuracy, linearity, precision, and robustness.
3.3. Optimization of Pharmacopeial Methods. At the
start of method development, a literature review usually
includes monographs from international pharmacopeias.
Adoption of a pharmacopeial method certainly saves time
and resources that would otherwise be spent on development,
and benefits should also be seen in a reliable working
performance of a method for the intended purpose. However,
many pharmacopeial methods that were developed 10 or more
years ago may nowadays be deemed obsolete. Advanced
analytical systems and new stationary phases with sub-2 μm
particles can offer up to 10 times shorter analysis run times
while achieving better separations. The fact that the robustness
of the pharmacopeial method was once probably tested
through OFAT experiments stimulates the application of
systematic approaches utilizing DoE for further pharmacopeial
method optimization.
A case was presented by Kormańy et al.58 in which a method
from the European Pharmacopoeia (PhEur) for determination
of related substances of terazosin was optimized using the
retention-modeling software DryLab 4. In PhEur, two separate
HPLC methods are prescribed for determination of 10
impurities because two of them cannot be sufficiently retained
in reversed-phase HPLC for a proper quantitative determi-
nation. Instead, a separate ion-pair HPLC determination for
these two impurities is applied. Moreover, the majority of
analytes investigated were weak bases with pKa values above 7.
Kormańy et al. overcame the retention issue by selecting a
hybrid-particle stationary phase that is able to sustain working
with a pH of up to 11. Indeed, a mobile phase with a pH of
10.7 was found to be the most suitable. Optimization of the
method was continued, applying AQbD principles. The goal
was to achieve an adequate separation of all peaks in the
shortest possible analysis runtime. For this purpose, the
analytical system was switched to UPLC, and a suitable 1.7 μm
hybrid particle C18 chromatographic column was selected. A
resolution of not less than 1.5 between the critical peak pair
(Rs,crit ≥ 1.5) was the CMA requirement. DoE and retention
modeling were performed using DryLab 4. Twelve experiments
were performed according to a gradient time−temperature−
ternary eluent composition (tG−T−tC) model to optimize the
three factors. For each experimental run, peak tracking was
performed to identify the peaks in the chromatogram. Peak
tracking can be performed by comparison of peak areas
because they should remain constant as long as injection
volume, flow rate, and detection wavelength are unaltered.
When peaks have similar areas, correct peak identification can
be supported by comparison of the UV spectrum or m/z data
from the mass spectrum, as in the case of terazosin, where the
UPLC system was coupled to a QDa mass detector.
Completion of peak tracking led to the creation of a 3D
model, the so-called Cube, representing the MODR. In this
case, the MODR was also termed the 3D critical resolution
space (CRS) because Rs,crit was the main CMA. The ternary
eluent composition turned out to be the most significant
factor. The CMA requirement (Rs,crit ≥ 1.5) was achieved
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when 100% methanol was used as mobile phase B (MP B),
whereas acetonitrile did not turn out to be a suitable solvent.
The gradient time from 10 to 90% MP B needed to be at least
6 min. Because the last impurity eluted at 4.2 min, the analysis
run time was shortened to 4.5 min, finishing with 70% MP B.
The column temperature was the least critical factor and was
set to 30 °C. A chromatogram of terazosin spiked with 0.15%
PhEur impurities was simulated in DryLab and compared to
the one obtained experimentally. Rs,crit was 1.82 in both cases,
with an average deviation of retention times of 0.5 s, proving
the excellent prediction of the 3D model. By the application of
advanced retention modeling software, two 45 min HPLC
methods from PhEur were optimized, resulting in an advanced
UPLC method with an analysis runtime of only 5 min (Figure
7).
Schmidtsdorff et al.66 used an AQbD approach (Figure 8)
for optimization and robustness testing of a newly developed
HPLC method for separation of carbamazepine and its seven
impurities. The goal of the optimization step was to develop a
faster method (t ≤ 30 min) with better separation performance
(Rs ≥ 2.0) than the monograph method and with high
robustness. An additional preference was to transfer the
method to a C18 column. A multifactorial optimization model
was used to generate a 3D design space for the pH of the
mobile phase, column temperature, and gradient time. The
DryLab 4 software package was used for the optimization
process. Fast (tG = 10 min) and slow (tG = 20 min) gradients
were tested, both with a linear increase from 10 to 90%
acetonitrile as mobile phase B at a flow rate of 1.2 mL/min.
The pH of the aqueous mobile phase A was adjusted from 3.5
to 7.5 in steps of 0.5 pH unit. The column temperatures (T)
tested were 40 and 60 °C. Four cubes, each representing a
different pH area tested (4, 5, 6, and 7, each ±0.5), were
modeled from 4 × 12 basic runs (pH, tG, T). After the cubes
were plotted, the most robust area within the four cubes was
chosen, the method was optimized, and robustness testing was
carried out with DryLab 4. A new method was successfully
developed using a conventional reversed-phase C18 column
with a faster and more effective separation performance, as
measured by run time and resolution, compared with the
cyanopropyl column and isocratic pharmacopeial method. A
3D model was used to predict how changes in the parameters
could affect the separation, and the number of experiments
needed was significantly lowered. The results showed that the
column temperature and gradient time had little to no effect on
the separation and only shortened the analysis time. The
parameters chosen for further method development were a pH
of 3.8 and a column temperature of 57 °C. The optimization
then mainly revolved around the separation of carbamazepine
and the 10,11-dihydrocarbamazepine impurity. On the basis of
a previously created 3D pH−tG−T model, DryLab 4 made it
possible to implement a gradient step in silico in the final
design space without any additional experimentation. The
gradient began with a lower slope, which increased after
elution of the N-carbamoylcarbamazepine impurity. The
method with an added gradient was then confirmed with a
Figure 7. Two pharmacopeial methods optimized by application of the AQbD approach, resulting in a single UPLC method, as reported by
Kormańy et al.58 A corresponding simulated chromatogram showing the robust separation of terazosin and its 10 impurities in a runtime of less
than 5 min is presented.
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verification run. The correlation between the predicted and
experimental retention times had a correlation coefficient of
0.99996. The final method was then tested for robustness.
Because the produced model showed a good correlation with
the actual experiment, it was also used to verify the robustness.
The essential factors (T and tG for each step, pH, % B for each
step, flow rate, and dwell volume) were changed multi-
factorially. A critical resolution was calculated for each of the
theoretical working points. The use of nine factors with three
levels resulted in 19 683 in silico experiments, all showing
resolutions greater than 2.0. The method was proven to be
highly robust.
3.4. Impurity Profiling. DryLab 4 was also employed by
Kormańy et al.59 to investigate possible column interchange-
ability in the case of an amlodipine impurity profiling method.
This study investigated the selectivity for four different C18
columns of the same dimensions (50 mm × 2.1 mm) based on
porous silica gel with similar particle size (sub-2 μm). The
difference between the columns was in the level of surface
coverage and end capping. Amlodipine and most of its known
impurities are basic molecules with pKa values above 10. Initial
experiments were carried out at pH 4.5, for which a non-end-
capped HSS C18 SB column showed broad peaks of basic
impurities with increased tailing, implying possible electrostatic
interactions between free silanol groups and ionized basic
analytes. AQbD principles were applied, and the remaining
three columns were subjected to a full factorial experimental
design. The gradient time (tG) and column temperature (T)
were varied at two levels (tG = 3 and 9 min; T = 20 and 50 °C),
whereas the mobile phase pH was varied at three levels (4.0,
4.5, and 5.0). Twelve experiments on each column were
carried out to create 3D resolution cubes. For each column, a
3D CRS was calculated, taking into account the CMA
requirement Rs,crit > 1.5. For the reference column (HSS
C18), the optimal working point was set to a column
temperature of 25 °C, a gradient time of 4 min (from 30 to
90% mobile phase B), and mobile phase A with a pH of 4.2. At
the selected optimum, the HSS C18 column confirmed an
excellent correlation between the predicted and measured
retention times with an average deviation of 0.5 s. The
designed 3D models revealed that an appropriate match of the
design space was achieved with the Hypersil GOLD C18
column, whereas the design space obtained with the Titan C18
column was on the opposite side of the 3D model, showing
that the columns were not interchangeable. Furthermore, a
robustness study of the two interchangeable columns was
performed by applying simulated three-level factorial designs in
DryLab 4. Six method parameters were varied around the
optimal working point, resulting in 729 simulated experiments
for each column. For the HSS C18 column, the method was
100% robust, whereas for the Hypersil GOLD C18 column a
3.7% failure rate was observed, resulting in Rs,crit = 1.4 yet still
showing the latter column to be an excellent choice for column
interchangeability.
Recently, Dobric ̌ic ́ et al.62 reported the AQbD-based
development of an HPLC method for simultaneous determi-
nation of telmisartan and its three impurities in a film-coated
tablet dosage form. No LC method was found in the literature
whereby telmisartan, its impurity without the biphenylcarbox-
ylic acid functional group, the tert-butyl ester impurity, and a
methyl ester impurity could be determined simultaneously.
Thus, method development started with a preliminary study in
which a C18 chromatographic column, the aqueous and
organic components of the mobile phase, the flow rate, and the
Figure 8. Schematic presentation of the AQbD workflow in the case of carbamazepine and its seven impurities as presented by Schmidtsdorff et
al.66 An isocratic PhEur method with a run time of 110 min was optimized using DryLab 4, leading to a robust method with a 30 min long gradient.
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detection wavelength were selected. The most lipophilic tert-
butyl ester impurity eluted far behind the other peaks,
increasing the analysis run time to over 20 min. A gradient
program was then applied, which needed to be further
optimized. The acetonitrile contents at the beginning (%
ACN1) and end (%ACN2) of the gradient and the gradient
time (tG) were investigated as critical parameters, and the
retention time of the tert-butyl ester impurity (RT) was one of
the four selected CMAs. The DoE was created in MODDE 11.
Fifteen experiments, including three replicates at the center
point, were performed following a three-level Box−Behnken
response-surface design. After all of the results were obtained,
the model fitting was done by removal of insignificant model
terms. The coefficients of determination showed good fits (R2
> 0.74, adj. R2 > 0.66) and prediction abilities (Q2 > 0.67) for
the mathematical models created. After determination of
threshold values for selected CMAs (RT = 5.0−6.3 min), the
design space was created by means of Monte Carlo simulations
to ensure the quality of the model established. Despite the fact
that the method is operable anywhere inside its design space
limits, an optimal working point was selected (%ACN1 =
16.3%, %ACN2 = 60.4%, tG = 6.70 min). By the use of these
conditions, the simultaneous determination of telmisartan and
its three impurities can be achieved in an impressive analysis
run time of only 6.7 min. The developed HPLC method was
further subjected to robustness testing. Two additional
parameters (column temperature and flow rate) were
investigated in 11 experiments performed according to
fractional factorial design with variations of factors around
their optimum values. The gradient time (tG) significantly
influenced the retention time of the tert-butyl ester impurity
(RT), whereas the flow rate mostly influenced the other
CMAs. Because these two parameters are controlled by the
HPLC instrument, the method was considered robust. Finally,
the developed HPLC method was validated and successfully
applied in a routine analysis of film-coated tablets.
Zacharis et al.67 used an AQbD approach in the develop-
ment of an HPLC method for the determination of methyl
(MTS) and isopropyl (ITS) p-toluenesulfonate in aprepitant
API samples. The goal was to develop a robust method
achieving sufficient sensitivity and selectivity for the
quantitative determination of MTS and ITS in the aprepitant
with a minimum analysis time. In the preliminary testing, the
column and organic modifier were selected. To accomplish the
ATP objectives, the CMA requirements of the method were
chosen: the resolution between ITS and toluene (Rs1 ≥ 2.0),
the resolution between ITS and the aprepitant (Rs2 ≥ 5.0), the
retention time of the last eluting impurity (RT), and the
numbers of theoretical plates for MTS (NMTS > 70 000) and
ITS (NITS > 100 000). After the selection of CMAs, an
Ishikawa diagram was constructed as a risk assessment tool to
identify critical method parameters (CMPs). The flow rate,
injection volume, column temperature, gradient slope, initial
acetonitrile content (%), and H3PO4 concentration (% v/v) as
mobile phase A were identified as CMPs. These were screened
through a Plackett−Burman screening design composed of 12
runs. The range of each factor was chosen on the basis of
previous experimental data. The significant CMPs identified
were the flow rate, gradient slope, and initial acetonitrile
content. Others proved to be nonsignificant and were thus
determined as constant for further optimization. A three-level
Box−Behnken design was then conducted involving the
optimization of the three significant CMPs. It contained 17
experiments, examining each factor at three levels (−1, 0, + 1)
with five runs at the center point. The results were analyzed
using Design-Expert 10.0 software, and the models obtained
were investigated. The models proved to be reliable and to
have good prediction abilities. The models revealed an
increment of both resolution CMAs when the flow rate was
increased and the initial acetonitrile content was decreased. To
obtain an optimum set of conditions, Derringer’s desirability
function (D) was utilized, based on a scale of the desirability
function from 0 to 1. Apart from CMA requirements for
resolution, the analysis time had to be minimized. A
desirability value of 1 was set for RT ≈ 20 min. The numbers
of theoretical plates for MTS and ITS were set to their
maximum experimental values. On the basis of the best
calculated D, the optimum conditions for the method were a
gradient slope of 2.43%/min, a flow rate of 1.3 mL/min, and
an initial acetonitrile content of 10%. The optimum point was
then tested experimentally. The difference between the
predicted and experimental values was less than 5%. The
method was then successfully validated, and its applicability
was evaluated by analysis of several batches of aprepitant API.
A study published in 2018 and performed by Raćz et al.68
showed the use of the DryLab 4 modeling software for the
simultaneous optimization of solvent-dependent parameters
(gradient time (tG), ternary eluent composition (tC), and pH)
in the method development process as well as use of the model
produced for robustness testing. The method was developed
for amlodipine and its pharmacopeial impurities. The DoE
included three solvent-dependent parameters: the gradient
time (tG1 = 3 min, tG2 = 9 min), the pH of the formate buffer as
mobile phase A (pH 3.2, 3.8, and 4.4), and the composition of
mobile phase B (acetonitrile, methanol, or 50:50 v/v
acetonitrile/methanol). This resulted in 18 experiments (full
factorial design: tG × tC × pH = 2 × 3 × 3). The model was
calculated and showed the importance of ternary composition
over the pH range tested and the selected column. The goal of
the method was baseline separation of all of the peaks and a
short analysis time. The MODR was selected with a set point
of tG = 4.0 min, pH 4.2, and tC = 40:60 v/v acetonitrile/
methanol. Verification runs showed high correlation with the
chromatograms predicted by the model. The method robust-
ness for this method was focused on the mobile phase
influences. The parameters included were pH, ternary
composition difference, tG, flow rate, starting % B, and end
% B. The pH had the highest influence on the resolution and
thus should be carefully controlled. A total of 729 virtual
experiment runs were calculated. When a broader range of
limits was set (pH, ±0.2; tC, ±2%), only 66% of the
experiments fulfilled the CMA requirement (Rs ≥ 1.5),
which would not be considered sufficient in quality control.
When the tolerance limits were narrower (pH, ±0.1; tC, ±1%),
the success rate rose to 100%. This showed the importance of
accurate pH adjustment and mixing of the two organic
solvents. The results of the study showed the implementation
of an early stage of robustness, focusing on solvent effects,
which might contribute to a better control strategy for the
method.
Another case of AQbD-driven development was very
recently reported by Wingert et al.63 A stability-indicating
HPLC method for the simultaneous determination of
ticagrelor (substance 8), its three process-related organic
impurities, and four degradation products from stress stability
tests was developed and optimized. Enough information was
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obtained from literature data and the results of preliminary
experiments to select a suitable C18 chromatographic column
and a higher pH region (pH > 8.0) for a mobile phase buffer.
Other variables (column temperature, flow rate, acetonitrile
content in the mobile phase, and buffer pH and concentration)
were further investigated by applying a fractional factorial
(resolution V) screening design in which 16 experiments with
three center points were performed at two factor levels. The
knowledge space was established after a statistical analysis of
the results using MODDE 13 software. Contour plots and a
standardized effects plot showed significant effects of the flow
rate and acetonitrile content in the mobile phase on two
CMAs: the resolution between the 2-(3,4-difluorophenyl)-
cyclopropanamine impurity (substance 9) and the 2-hydroxy-
2-phenylacetic acid impurity (substance 10) and the resolution
between substance 9 and ticagrelor. Buffer concentration
variations also affected these resolutions, but the effect was
much more influential on the retention factor of substance 10,
which increased with higher buffer molarity, thus setting this
value to its highest level tested. The buffer pH and column
temperature did not turn out to be critical and were kept at
their medium levels for method optimization. The acetonitrile
content in the mobile phase and the flow rate were further
investigated in a detailed optimization study through a central
composite face (star distance 1) response-surface design.
Eleven experiments were performed, including three center
points, studying narrower factor ranges than in the screening
phase. Taking into account four degradation products, two of
them eluting between substance 9 and ticagrelor and the other
two between ticagrelor and the 4,6-dichloro-2-(propylthio)-
pyrimidin-5-amine impurity (substance 11), the CMAs for
resolution between process-related impurities and ticagrelor
were readjusted in order to achieve a minimum resolution of
1.5 between each adjacent peak pair. The values of the CMAs
for each experiment were obtained, and the model was
statistically analyzed. The coefficients of determination showed
an excellent model fit (R2 > 0.97, adj. R2 > 0.95) and good
prediction ability (Q2 > 0.75). The probability for model
failure of less than 1% was assessed using Monte Carlo
simulations, which influenced the formation of the design
space. Even though the design space represents an area where
the method works as intended, the optimal working point was
selected inside its limits. Applying an AQbD approach,
Wingert et al. managed to develop a method that was able
to separate and quantitate eight compounds in an analysis
runtime of less than 3 min. Above all, a robustness study of the
developed method was performed using a Plackett−Burman
design in order to set a suitable SST criteria as a control
strategy for routine analyses.
Today an important feature of each analytical method
required by pharmaceutical regulatory guidelines is the ability
to detect and accurately quantify degradation products formed
during stability-indicating studies. In 2017, Zhang and Hu64
reported the extensive development of a stability-indicating
HPLC method for the determination of degradation products
of cloxacillin by the application of an AQbD approach. The
method for cloxacillin-related substances from PhEur was a
starting point for the development. Since the substance was
exposed to different stress conditions, the method turned out
to be inappropriate for stability-indicating purposes because of
a lack of selectivity for many degradation impurities with
different acid/base properties and insufficient mobile phase
elution strength for less polar analytes. Thus, the buffer pH,
organic solvent type and content in the mobile phase, buffer
concentration, and column temperature were investigated as
potentially critical factors in the screening study using Design-
Expert software, while the chromatographic column proposed
by the monograph was retained. Twelve experiments were
carried out following a Plackett−Burman design. The focus
was on the separation of impurities eluting before cloxacillin,
so in each run the number of peaks was measured as a CMA.
The factor−response relationship was determined by multi-
variate regression analysis, which revealed the buffer pH and
the organic solvent type and content in the mobile phase to be
critical factors. Interestingly, decreasing buffer the pH and
using methanol as an organic solvent improved the separation
of polar impurities eluting at the beginning of a chromatogram,
whereas an increased buffer pH in combination with
acetonitrile was more appropriate for the separation of
impurities eluting closer to the main peak. The three critical
factors were further studied in a mixture−process variable
(MPV) design. To be able to study interactions between
mixture (organic solvent type and content) and process (buffer
pH) variables, these were combined in premixed mobile
phases. Mobile phase A consisted of acetonitrile and buffer in a
ratio corresponding to the initial chromatographic conditions,
whereas mobile phase B had methanol and buffer in a different
ratio but with similar elution strength. Thirty experiments,
including six center points, were carried out according to a
standard simplex lattice design in which each MPV (% of
mobile phase A or B and buffer pH) was investigated at five
levels. The separation factors of eight impurity peak pairs were
measured as CMAs for each experiment. Statistical analysis of
the experimental results indicated good prediction abilities of
the models obtained (R2 ≥ 0.89, adj. R2 ≥ 0.84). Moreover,
ANOVA resulted in high F values and low p values for all of
the models, showing high statistical significance. The relation-
ships between variables (including their interactions) and
responses were assessed through 3D mixture-process response
surfaces. For separation of some impurity peak pairs, the
percentage of mobile phase A or B turned out to be very
significant when the pH was changed from the lower to the
upper level tested, whereas the elution order of several peak
pairs varied and the target value for the CMA was set to less
than 1.0. However, a single optimum region within the
experimental domain that would meet the CMA criteria for all
eight peak pairs could not be defined because of various effects
of variables on polar impurity peaks and the ones eluting closer
to cloxacillin. This led to the introduction of the gradient
elution principle by changing the buffer pH, organic solvent
type, and elution strength in a single gradient method, which
would also contribute to successful elution of less polar
analytes. From here on, mobile phase A was composed of
acetonitrile, methanol, and pH 5.3 buffer in a constant ratio, as
determined from MPV design to be the optimum for
separation of polar impurity peaks. Mobile phase B was
composed of acetonitrile and buffer with a higher pH in a
volume ratio of 1:1. Thus, the buffer pH for mobile phase B
and the gradient time were optimized using a response-surface
central composite design (CCD). Thirteen experiments,
including five center points, were performed, and the
resolutions between four peak pairs eluting closer to cloxacillin
were determined as CMAs. Statistical analysis of the
experimental results showed that the models were significant
with good prediction abilities (R2 ≥ 0.92, adj. R2 ≥ 0.87, Q2 ≥
0.81). The design space was selected on the basis of two
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optimum regions: one from MPV and the other from CCD.
Monte Carlo simulations showed a 90% probability of
achieving the CMA specifications in the design space. The
optimum working point was selected with a buffer pH of 6.9 in
mobile phase B. A complex stability-indicating HPLC method
development was successfully completed through a systematic
AQbD workflow, achieving the determination of more than 15
degradation products in a total analysis run time of 50 min
(Figure 9).
3.5. Other Methods. To prove the usefulness and
effectiveness of automated software-assisted analytical method
development, Zöldhegyi et al.69 developed an automated
UHPLC separation of 10 pharmaceutical compounds using
software modeling. The goal was to develop a robust method
with baseline separation (Rs,crit ≥ 1.5) and reduced analysis
time. Preliminary studies resulted in reversed-phase chroma-
tography with gradient elution. A Merck Purospher Star RP-18
end-capped chromatographic column (50 mm × 2.1 mm, 3
μm) was chosen, and a gradient range of 10 to 95% B was set.
For DoE, multiple parameters were varied: gradient time (5 or
15 min), column temperature (30 or 60 °C), and mobile phase
B (acetonitrile, methanol, or 50:50 v/v acetonitrile/methanol).
This resulted in 12 experiments. The results were processed
with DryLab 4, resulting in a model that showed an excellent
match with the experimental results. The model was visualized
as a 3D resolution map highlighting the MODR, the region
where the CMA requirements were met. An optimum working
point was chosen where a minimum analysis time and a
reasonable critical resolution (Rs = 2.69) could be achieved. A
robustness study was conducted for the selected working point.
The method showed perfect robustness (100%) under the
defined tolerance limits: flow rate, ±1%; gradient mixing,
±0.5%; column temperature, ±0.1 °C. A total of 729
experiments were modeled in DryLab’s robustness module.
The most critical combinations of parameters were then
verified.
Many studies have been published about the inclusion of
AQbD methodology in the method development process,
showing that it is a hot topic in liquid chromatography. The
studies not reviewed above are briefly summarized in Table 1.
4. CONCLUSION
Analytical methods play a key role in the development and
production of a drug product. For analysis of a drug product,
LC techniques such as HPLC or UPLC are most commonly
employed. As the complexity of a drug product increases, the
complexity of the method grows as well, making its
development challenging. One of the most important features
of a method is its robustness, which should be evaluated during
method development. Robust methods are able to provide
credible results of constant quality. The traditional OFAT
approach to method development usually results in a
nonoptimized method without any knowledge of its robust-
ness, often leading to method failure during its routine use.
AQbD is a systematic approach to method development that
begins with setting the ATP, determination of CMAs with their
specifications, and identification of critical method parameters
(factors). DoE represents a crucial part of AQbD, using
statistical tools to design experiments and for mathematical
modeling. Experimental design makes it possible to investigate
the effects of factors and their interactions on particular
responses (CMAs). Screening designs are used to identify
significant factors, establishing a knowledge space.
Response-surface design investigates significant factors, their
interactions, and higher-order terms through experimental and
statistical analysis, defined as response modeling. In the end, a
design space or MODR is established, representing an area
formed by a multivariate range of factor values in which all of
the predefined CMA criteria are met, and the method is
defined as robust. Any movement within the design space
limits is thus not considered a change in the method, showing
flexibility over the regulatory requirements.
By designing quality into the method, AQbD completes the
overall lifecycle concept of analytical methods. Using practical
examples, this review has demonstrated that analytical methods
developed using the AQbD approach operate at their optimum
and are highly robust, easily validated, and cost- and time-
effective because less experimental work is required for method
development, and they are capable of achieving maximum
separation performance in a minimal analysis run time. As
such, they provide credible results with constant quality.
Because of its versatility, AQbD can also be applied to the
development of analytical methods other than LC. Another
quite often used analytical technique in the pharmaceutical
industry is gas chromatography (GC), where other types of
method parameters need to be optimized. Surprisingly, no
publications concerning the application of the AQbD approach
to GC method development were found in the literature.
However, it is justifiable to expect that AQbD principles will
also be applied in the area of GC in the future.
Figure 9. Dual gradient elution by changing the organic solvent type
and buffer pH in a single gradient run to successfully separate more
than 15 degradation products of cloxacillin, as introduced by Zhang
and Hu. The chromatogram under the initial chromatographic system
(top) and the chromatogram of the AQbD-developed HPLC method
(bottom) are presented. Adapted from ref 64. Copyright 2017
Elsevier.
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Table 1. Other Studies Involving AQbD Principles, Published Mainly from 2016 to 2018
LC method/determination AQbD principles used software used ref
LC method for the analysis of 18 antiretroviral medicines and
four excipients used in various pharmaceutical formulations
• DoE (D-optimal design) JMP 12.2.0 (SAS Institute Inc., Cary,
NC, USA)
70
• making a model (multivariate multiple linear model)
• developing a Bayesian model for method optimization R 3.2.2 (GNU Project/Free Software
Foundation, Cambridge, MA, USA)• Monte Carlo simulations
• design space and optimal conditions tested e-noval 3.0 (Arlena, Belgium)
UHPLC method for the separation of 16 APIs • screening with a Plackett−Burman design JMP 11.0 71
• optimization with a central composite design MATLAB 8.0.0.783 (R2012b) (The
Mathworks Inc., Natick, MA, USA)• robustness study with a Plackett−Burman design
LC method for the analysis of spiramycin • robustness study with two-level full factorial design R 3.3.1 (R Foundation, Vienna) 72
• multivariate data analysis R Studio 1.0.143 (Boston, MA, USA)
HPLC method for the assay of curcuminoids and doxorubicin
from long-circulating liposomes
• optimization with a D-optimal design MODDE 10 73
• Monte Carlo simulations for generation of the MODR
and optimum run selection
• statistical validation of the models
UHPLC-MS method for the determination of 24 antineoplastic
drugs used in hospital pharmacy
• optimization with a full factorial design DryLab 4 74
• creation of a 3D retention model (tG × T × pH) and
experimental verification of the optimal conditions
• experimental verification of the simulated results
• robustness testing with a full factorial design and
simulated experiments
HPLC method for the estimation of canagliflozin API • development and optimization with DoE not provided 75
• establishment of the MODR and definition of the
method control strategy
• robustness and ruggedness testing performed
ultrafast liquid chromatography (UFLC) method for the
quantification of lansoprazole
• optimization with a central composite design JMP trial version 76
• response modeling and creation of the design space
• selection of optimal chromatographic conditions
• robustness study with DoE and definition of the method
control strategy
stability-indicating RP-HPLC method for the assessment of
dolutegravir
• optimization with a central composite design Sigmatech software 77
• establishment of the MODR and experimental
verification
• experimental verification of robustness
HPLC method for the analysis of garenoxacin mesylate • screening with a Taguchi design Design-Expert 8.0.4.1 78
• optimization with a central composite design
stability-indicating HPLC method for the determination of
valsartan and hydrochlorthiazide
• development and optimization with a central composite
design and Box−Behnken design
Design-Expert 8.0.6 79
• calculation of the model
HPLC method for the determination of atorvastatin calcium,
curcumin, and celecoxib coencapsulated in lipid nanoparticles
• optimization with a full factorial design R 3.4.1 80
• MODR identified with a Bayesian probability method MODDE Pro 12.1
• validation of MODR predictability
HPLC method for the analysis of cilazapril and
hydrochlorthiazide dosage form stability
• optimization with a Box−Behnken design Design-Expert 7.0 81
• accuracy of the model tested and calculated MATLAB 7.10.0
• Monte Carlo simulations and creation of the MODR
• MCDM methodology with a grid point search as an
alternative AQbD approach
stability-indicating HPLC method for the determination of
sorafenib tosylate
• screening with a Taguchi design Design-Expert 9.0 82
• optimization with a face-centered cubic design
• response-surface analysis and proposal of the MODR
HPLC method for the determination of tamoxifen citrate • screening with a Taguchi design Design-Expert 9.0.1 83
• optimization with a Box−Behnken design
stability-indicating HPLC method for the determination of
ketoprofen
• screening with a Taguchi design Minitab 17 (Minitab Inc., Philadelphia,
PA, USA)
84
• optimization with a central composite design
• creation of the design space Design-Expert 9.0.4
• experimental verification of robustness
stability-indicating LC method for the determination of silver
sulfadiazine
• screening with a Taguchi design Minitab 17 85
• optimization with an I-Optimal design Design-Expert 10.0.1
• MLR statistical analysis
• definition of optimum chromatographic conditions
• experimental verification of robustness
stability-indicating HPLC determination of zileuton and its
degradation products in tablet dosage form
• robustness study with a response-surface three-level face-
centered design, 18 experiments (four center points)
Design-Expert 8.0 86
• response modeling by MLR
• determination of statistical significance by ANOVA
• creation of 3D response surface plots
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Furthermore, because AQbD for analytical methods is an
extension of QbD for pharmaceutical processes, it may also be
used for other applications, such as optimization of sample
preparation36,87,88 or evaluation of stability studies.89 In the
case of tablet sample preparation, examples of studied factors
are the time of sonication/shaking/stirring, the temperature of
the ultrasonic bath, the solvent composition, filtration, etc. The
measured response (CMA) is usually the content of the main
substance or content of impurities, depending on the type of
analytical procedure. Interestingly, as shown in this review,
existing literature reports focus on the application of AQbD in
chromatographic separation, while a very limited number of
literature examples exist for the application of AQbD in the
area of sample preparation. Importantly, in the case of
pharmaceutical dosage forms analysis, sample preparation can
notably determine the overall analytical procedure perform-
ance. Therefore, one can expect expansion of the application of
AQbD into the sample preparation area.
A very promising field in the pharmaceutical industry is the
automation of processes. Automated sample preparation in
analytics, for example, offers many advantages compared with
manual sample preparation, including unattended and
continuous operation, reduced human errors and chemical
exposure for the analyst, reduced solvent waste, etc. On the
other hand, there are various parameters involved that may
affect the process.90 For these reasons, application of the
AQbD approach to automated sample preparation is a very
promising area that needs further examination.
On the basis of many published reviews and research articles
discussing the AQbD approach to analytical method develop-
ment, it can be concluded that AQbD is gaining broad
attention from many pharmaceutical companies, medicine
agencies, research institutes, and universities and is becoming a
highly applicable methodology. As a result of the introduction
of a new ICH guideline for analytical method development
(Q14),20 application of the AQbD approach in the
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(36) Zakrajsěk, J.; Stojic,́ V.; Bohanec, S.; Urleb, U. Quality by
Design Based Optimization of a High Performance Liquid
Chromatography Method for Assay Determination of Low Concen-
tration Preservatives in Complex Nasal Formulations. Acta Chim. Slov.
2015, 62, 72−82.
(37) Karmarkar, S.; Garber, R.; Genchanok, Y.; George, S.; Yang, X.;
Hammond, R. Quality by Design (QbD) Based Development of a
Stability Indicating HPLC Method for Drug and Impurities. J.
Chromatogr. Sci. 2011, 49, 439−446.
(38) Garg, N. K.; Sharma, G.; Singh, B.; Nirbhavane, P.; Katare, O.
P. Quality by Design (QbD)-Based Development and Optimization
of a Simple, Robust RP-HPLC Method for the Estimation of
Methotrexate. J. Liq. Chromatogr. Relat. Technol. 2015, 38, 1629−
1637.
(39) Musters, J.; van den Bos, L.; Kellenbach, E. Applying QbD
Principles To Develop a Generic UHPLC Method Which Facilitates
Continual Improvement and Innovation Throughout the Product
Lifecycle for a Commercial API. Org. Process Res. Dev. 2013, 17, 87−
96.
(40) Debrus, B.; Guillarme, D.; Rudaz, S. Improved Quality-by-
Design Compliant Methodology for Method Development in
Reversed-Phase Liquid Chromatography. J. Pharm. Biomed. Anal.
2013, 84, 215−223.
(41) Kalariya, P. D.; Kumar Talluri, M. V. N.; Gaitonde, V. D.;
Devrukhakar, P. S.; Srinivas, R. Quality by Design : A Systematic and
Rapid Liquid Chromatography and Mass Spectrometry Method for
Eprosartan Mesylate and Its Related Impurities Using a Superficially
Porous Particle Column. J. Sep. Sci. 2014, 37, 2160−2171.
(42) Awotwe-Otoo, D.; Agarabi, C.; Faustino, P. J.; Habib, M. J.;
Lee, S.; Khan, M. A.; Shah, R. B. Application of Quality by Design
Elements for the Development and Optimization of an Analytical
Method for Protamine Sulfate. J. Pharm. Biomed. Anal. 2012, 62, 61−
67.
(43) Sahu, P. K.; Ramisetti, N. R.; Cecchi, T.; Swain, S.; Patro, C. S.;
Panda, J. An Overview of Experimental Designs in HPLC Method
Development and Validation. J. Pharm. Biomed. Anal. 2018, 147,
590−611.
(44) Deidda, R.; Orlandini, S.; Hubert, P.; Hubert, C. Risk-Based
Approach for Method Development in Pharmaceutical Quality
Control Context : A Critical Review. J. Pharm. Biomed. Anal. 2018,
161, 110−121.
(45) Dispas, A.; Avohou, H. T.; Lebrun, P.; Hubert, P.; Hubert, C.
Quality by Design” Approach for the Analysis of Impurities in
Pharmaceutical Drug Products and Drug Substances. TrAC, Trends
Anal. Chem. 2018, 101, 24−33.
(46) Orlandini, S.; Pinzauti, S.; Furlanetto, S. Application of Quality
by Design to the Development of Analytical Separation Methods.
Anal. Bioanal. Chem. 2013, 405, 443−450.
(47) Hubert, C.; Houari, S.; Rozet, E.; Lebrun, P.; Hubert, P.
Towards a Full Integration of Optimization and Validation Phases: An
Analytical-Quality-by-Design Approach. J. Chromatogr. A 2015, 1395,
88−98.
(48) Raman, N. V. V. S. S.; Mallu, U. R.; Bapatu, H. R. Analytical
Quality by Design Approach to Test Method Development and
Validation in Drug Substance Manufacturing. J. Chem. 2015, 2015,
435129.
(49) Swartz, M. E. UPLCTM: An Introduction and Review. J. Liq.
Chromatogr. Relat. Technol. 2005, 28, 1253−1263.
(50) Fekete, S.; Schappler, J.; Veuthey, J.; Guillarme, D. Current and
Future Trends in UHPLC. TrAC, Trends Anal. Chem. 2014, 63, 2−13.
(51) Dong, M. W.; Zhang, K. Ultra-High-Pressure Liquid
Chromatography (UHPLC) in Method Development. TrAC, Trends
Anal. Chem. 2014, 63, 21−30.
(52) Rozet, E.; Lebrun, P.; Debrus, B.; Boulanger, B.; Hubert, P.
Design Spaces for Analytical Methods. TrAC, Trends Anal. Chem.
2013, 42, 157−167.
(53) Sahu, P. K.; Ramisetti, N. R.; Cecchi, T.; Swain, S.; Patro, C. S.;
Panda, J. An Overview of Experimental Designs in HPLC Method
Development and Validation. J. Pharm. Biomed. Anal. 2018, 147,
590−611.
(54) Patel, M. N.; Kothari, C. S. Review on Implementation of
Multivariate Approach for Forced Degradation Study and Impurity
Profiling with Regulatory Considerations. Chromatographia 2018, 81,
105−125.
(55) Reid, G. L.; Cheng, G.; Fortin, D. T.; Harwood, J. W.;
Morgado, J. E.; Wang, J.; Xue, G. Reversed-Phase Liquid Chromato-
graphic Method Develpment in an Analytical Quality by Design
Framework. J. Liq. Chromatogr. Relat. Technol. 2013, 36, 2612−2638.
(56) Lundstedt, T.; Seifert, E.; Abramo, L.; Thelin, B.; Nyström, Å.;
Pettersen, J.; Bergman, R. Experimental Design and Optimization.
Chemom. Intell. Lab. Syst. 1998, 42, 3−40.
(57) Tol, T.; Kadam, N.; Raotole, N.; Desai, A.; Samanta, G. A
Simultaneous Determination of Related Substances by High Perform-
Organic Process Research & Development Review
DOI: 10.1021/acs.oprd.9b00238




ance Liquid Chromatography in a Drug Product Using Quality by
Design Approach. J. Chromatogr. A 2016, 1432, 26−38.
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Venetoklaks je nova terapevtska učinkovina za zdravljenje različnih vrst krvnega raka. Prvič 
je bil odobren leta 2016 za zdravljenje relapsa in ponavljajoče kronične limfocitne levkemije. 
Kasneje so se indikacije razširile. Trenutno se izvajajo številne raziskave ter klinične študije 
na področju zdravljenja z venetoklaksom. V literaturi trenutno ni moč najti analiznih metod 
za določanje venetoklaksa. Razvili smo stabilnostno-indikativno metodo tekočinske 
kromatografije visoke zmogljivosti (UHPLC) za venetoklaks, ki je kompatibilna z masno 
spektrometrijo (MS). Metodo LC smo razvili z uporabo principov vgrajevanja kakovosti v 
analizno metodo (AQbD). Analizna metoda, ki smo jo razvili, je zmožna ločevanja 
venetoklaksa in njegovih razgradnih produktov. Analizna metoda je bila kvalificirana v 
delovni točki, kjer je bilo določeno njeno območje linearnosti in ocenjena natančnost, 
ponovljivost ter selektivnost metode. Venetoklaks je edini zaviralec proteina Bcl-2 na trgu. 
Je zelo učinkovit pri kombiniranih terapijah, zato lahko v prihodnosti pričakujemo razvoj 
kombiniranih zdravil, ki vključujejo venetoklaks. Stabilnostno-indikativna metoda lahko 
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ABSTRACT: Venetoclax is an emerging drug for the treatment of
various types of blood cancers. It was first approved in 2016 for the
treatment of relapsed and refractory chronic lymphocytic leukemia.
Later, the indications expanded, and multiple research as well as
clinical studies are still conducted involving venetoclax. No
analytical method for the determination of venetoclax can currently
be found in the literature. We developed a mass spectrometry-
compatible stability-indicating ultrahigh-performance liquid chro-
matography (LC) method for venetoclax. The LC method was
developed using analytical quality by design principles. The
developed method is able to separate venetoclax and its
degradation products. The method was validated in the working
point where a linearity range was established and accuracy,
repeatability, and selectivity were assessed. Venetoclax is the only Bcl-2 protein inhibitor on the market. It is very effective in
combinational therapy, so future drug development involving venetoclax may be expected. A stability-indicating method could aid in





5-yloxy)benzamide) (Figure 1) is an orally bioavailable, B-cell
lymphoma-2 (Bcl-2) selective inhibitor.1 The discovery of the
antiapoptotic Bcl-2 protein began with an observation of the
t(14; 18) chromosome translocation in follicular lymphoma
and a suggestion of the involvement of gene bcl-2 in B-cell
malignancies with said translocation.2 From there on, the Bcl-2
protein family began to grow and numerous research studies
were conducted on the topic.3,4
Venetoclax was first approved by the U.S. Food and Drug
Administration (FDA) and European Medicines Agency
(EMA) in 2016 for the treatment of patients with relapsed
and refractory chronic lymphocytic leukemia (CLL).5
Currently, venetoclax is approved by the FDA for the
treatment of adult patients with CLL or small lymphocytic
lymphoma and for the treatment of newly diagnosed acute
myeloid leukemia in adults who are 75 years old or older or
who are not suitable for intensive induction chemotherapy, in
combination with azacitidine or decitabine or low-dose
cytarabine. EMA approved venetoclax for the treatment of
patients with genetic changes that make them unsuitable for
chemoimmunotherapy when B-cell-receptor-pathway inhibi-
tors (such as ibrutinib and idelalisib) are not suitable or have
failed and for the treatment of patients without these genetic
changes after treatments with chemoimmunotherapy and a B-
cell-receptor-pathway inhibitor have both failed. Additionally,
EMA approved venetoclax in combination with rituximab in
patients who have received at least one previous treatment.
The use of venetoclax in numerous other indications is still
being explored. Venetoclax has also shown to be effective in
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Figure 1. Molecular structure of venetoclax.
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additional combinational therapies where a single agent may
not be suitable.6
Venetoclax is insoluble or practically insoluble in aqueous
solutions. The solubility is pH-dependent. It may have
moderate permeability. As such, it is classified as a
Biopharmaceutics Classification System (BCS) class IV
compound. However, the absorption appears to be high
(>85%) when administered with food.7 The bioavailability of
venetoclax tablets on the market is quite low: Cmax = 0.387 μg/
mL, AUCt = 4.058 μg × h/mL, and AUC∞ = 4.186 μg × h/
mL.8
To the best of our knowledge, a suitable stability-indicating
LC analytical method for the control of venetoclax degradation
has not been reported yet. Therefore, the present study has
been designed to develop a stability-indicating analytical
method for determination of venetoclax. A stability-indicating
Figure 2. Chromatograms of the venetoclax drug substance analyzed with (a) initial chromatographic conditions and (b) using a mobile phase with
a pH of 6.0. Peaks at tR = 4.23 min and tR = 5.42 min are two process-related impurities present in the venetoclax drug substance.
Figure 3. Chromatograms of the venetoclax sample degraded with 1 M HCl at 50 °C for 3 days using a UPLC BEH C18 (top), UPLC BEH Shield
RP18 (middle), or UPLC CSH C18 (bottom) column. The peak eluting at approximately 0.3 min is a solvent peak of DMSO.
ACS Omega http://pubs.acs.org/journal/acsodf Article
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test should be able to detect changes in quality attributes
during storage.9 Most importantly, a stability-indicating liquid
chromatography (LC) method should be capable of
discriminating between the active pharmaceutical ingredient
and its degradation products.10−14
Figure 4. (a) Chromatograms of venetoclax degraded with 1 M HCl at 50 °C for 14 days and (b) chromatograms of venetoclax degraded with 1 M
NaOH at 50 °C for 14 days, using different mobile phases A: A = NH4HCO3 (pH 6.0, 10 mM)-ACN (9:1, v/v) (top, black); CH3COONH4 (pH
6.0, 10 mM)-ACN (9:1, v/v) (middle, pink); 0.1% (v/v) TFA-ACN (9:1, v/v) (middle, red); NH4HCO3 (pH 6.6, 10 mM) (bottom, blue).
Figure 5. Chromatogram of the best result from method scouting DoE. Peaks eluting at 17.68 and 18.54 min are the process-related impurities
originating from the active pharmaceutical ingredient.
ACS Omega http://pubs.acs.org/journal/acsodf Article
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Figure 6. Ishikawa diagram for initial risk assessment. Factors considered as CMPs are marked with a light red color.
Figure 7. Graph representing an area where the defined criteria are met in white color. The colors are areas where the criteria are not met: red =
number of peaks less than 10; blue = number of peaks with resolution ≥1.5 less than 9; orange = number of peaks with tailing ≤1.2 less than 7.
Acceptable range of tested conditions is marked with a black rectangle. (a) Graph where x = pump flow rate; y = pH; at final percent of acetonitrile
of 95%. (b) Graph where x = pump flow rate; y = final percent of acetonitrile; at pH 7.00. (c) Graph where x = final percent of acetonitrile; y = pH;
at a pump flow rate 0.40 mL/min.
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An analytical quality-by-design (AQbD) approach to
method development was utilized. AQbD is an extension of
quality-by-design (QbD). It is a systematic approach to the
development of analytical procedures involving all the stages of
the procedure’s lifecycle.15−22 The AQbD process includes the
definition of the analytical target profile (ATP), selection of
critical method attributes (CMAs), risk assessment, identi-
fication of critical method parameters (CMPs), screening and
optimization using design of experiments (DoE), robustness
testing, definition of method operable design region (MODR),
and an establishment of the method control strategy.19,22 As
the term suggests, the analytical procedure lifecycle is a cyclic
process resulting in a continuous improvement of the
method.20 The AQbD process has been implemented in the
pharmaceutical industry as a new guideline by the International
Conference on Harmonization (ICH)Q14 is expected in
2021, which covers the topic of AQbD.23,24 As there are no
known venetoclax degradation products reported in the
literature, forced degradation was conducted on the venetoclax
drug substance to generate degradation products of veneto-
clax,21 following directions in ICH guidelines.25,26
In addition to the developed analytical method being
stability-indicating, the focus was to develop a mass
spectrometry (MS)-compatible ultrahigh-performance liquid
chromatography (UHPLC) method for resolving venetoclax
and its main degradation products. As there are no known
venetoclax degradation products reported in the literature,
such a method could be useful in future degradation products’
identification efforts.
2. RESULTS AND DISCUSSION
2.1. Sample Preparation. 2.1.1. Solvent Selection.
Sample preparation has shown to be a significant challenge
in the method development process. Venetoclax is poorly
soluble in many solvents usually used in the reversed-phase LC
sample preparation, such as methanol (MeOH) and
acetonitrile (ACN), and practically insoluble in aqueous
solutions. The initial attempt to dissolve venetoclax in 80%
ACN was thus not successful. We decided to add dimethyl
sulfoxide (DMSO) to the solvent to improve the solubility. We
wanted to maximize the amount of water in the solvent so as to
minimize the solvent elution effect in the liquid chromatog-
raphy, which can result in a poor peak shape. Venetoclax has
successfully dissolved when we added 20% of the flask volume
of DMSO and then topped the flask with 80% ACN, even in
concentrations as high as 5 mg/mL. Later some solubility
problems with the proposed solvent occurred. Crystals started
to form after a week at room temperature and precipitation
was observed when adding water solutions for degradation
testing. Additional solvent testing was performed where higher
amounts of DMSO, buffer (the same one as used in UHPLC)
instead of water, and MeOH as a substitute for ACN were
tested. Eight different solvent compositions were tested (Table
S1). Initially, ACN-DMSO-buffer (7:2:1, v/v/v) was used as a
solvent, but it was later changed for ACN-DMSO-buffer
(6:3:1, v/v/v) after precipitation was observed in the vial after
2 months of storage at 5 °C.
2.1.2. Forced Degradation of Venetoclax. We conducted
forced degradation studies on the venetoclax drug substance.
Figure 8. Surface plots from screening DoEs. (a,b) Surface plots from the first screening DoE, representing a number of peaks (a) in relation to
pump flow rate (mL/min) and pH at a final percent of acetonitrile of 95% and (b) in relation to a final percent of acetonitrile and pH at a pump
flow rate of 0.4 mL/min. (c,d) Surface plots from the second screening DoE, representing (c) a number of resolved peaks and (d) a number of
peaks with resolution ≥1.5 in relation to gradient time (min) and column temperature (°C).
ACS Omega http://pubs.acs.org/journal/acsodf Article
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The primary stress conditions we chose were 0.1 M HCl, 1 M
HCl, 0.1 M NaOH, 1 M NaOH, 0.3% H2O2, 3% H2O2, FeCl3,
and 22 h SUNTEST. All the stress testing, except for the
SUNTEST, was conducted in a chamber at 50 °C for 1 day.
This provided us with information about the stability
characteristics of venetoclax. Method scouting was done
using all the stress samples. For the AQbD process, we limited
the stress conditions to those that achieved 10−20% of
venetoclax degradation in a maximum of 7 days.27 This
resulted in venetoclax samples with added 1 M HCl and 1 M
NaOH at 50 °C. We saw the rise of key degradation products
that were marked as A1, A2, A3, and A4 in acidic conditions
and B1, B2, and B3 in basic conditions. We later concluded
that degradation products A3 and B3 are the same product
based on retention times at different chromatographic
conditions and the UV spectra. A mixture of an acidic and a
basic stress solution of venetoclax was used for the AQbD
process, which contained the key degradation products.
2.2. Analytical Target Profile. The analytical method
should be able to quantify venetoclax in the presence of its
degradation products over a range of 80−120% of the target
concentration with an accuracy of 100 ± 2% and repeatability
≤2% RSD. A stability-indicating analytical method for the
analysis of the venetoclax drug substance should be able to
distinguish venetoclax and its degradation products with a
resolution of more than 2.0.
Based on ATP, the UHPLC method with UV detection was
chosen as the analytical technique. CMA chosen was the
resolution between peaks.
2.3. Method Scouting. As there are no existing analytical
methods for venetoclax in the literature, a couple of
preliminary tests were done based on the knowledge gained
through literature about the molecule itself.7,28 Part of the
method scouting consisted of multiple one-factor-at-a-time
(OFAT) experiments. Reversed-phase LC was chosen based
on the molecule structure and characteristics. The starting
point for the development was an in-house method for the
separation and analysis of a drug with similar physiochemical
properties and its related substances and degradation products:
mobile phase A: A = 0.1% H3PO4 (v/v); mobile phase B: B =
ACN-methyl tert-butyl ether (MTBE) (850:80, v/v); Acquity
UPLC BEH C18 (1.7 μm, 100 mm × 2.1 mm) column;
column temperature 70 °C; flow rate 0.75 mL/min;
autosampler temperature 5 °C; detection wavelength 220
nm; gradient: t = 0 min, 37% B; 1 min, 37% B; 9 min, 48% B;
11 min, 70% B; 13.5 min, 70% B; 14 min, 37% B; 2 min
equilibration. It exhibited a poor peak shape with a significant
tailing (Figure 2a).
Based on the predicted pH curves made by MarvinSketch
(ChemAxon, Budapest, Hungary) (Figure S1), venetoclax
exhibits many species throughout the pH spectrum. For LC,
we want it to be in a single ionized form at the selected pH, to
prevent tailing, which could occur if the molecule would shift
from one ionized form to another at the selected mobile phase
pH as the ionization influences the retention of the molecule
on the stationary phase. There were three options: acidic pH of
around 1, a pH of around 6, and a pH of around 11. As the
acidic pH was tested, where venetoclax exhibited a significant
tailing, and a basic pH of 11 is usually not compatible with
most reversed-phase chromatographic columns, we decided to
test an aqueous part of the mobile phase with a pH of around
6. We wanted to keep the method MS-compatible, so we
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was adjusted using acetic acid. The gradient was extended to
better determine at what percentage of organic phase in the
mobile phase venetoclax elutes. The peak shape of the
venetoclax substance drastically improved. Furthermore, two
process-related impurities were successfully separated from
venetoclax (Figure 2b). At this stage, a phenyl stationary phase
was tested. It was selected based on the venetoclax structure. It
provided nice peak shapes but a smaller retention of
venetoclax.
We tested the method further using degraded samples from
degradation studies and the venetoclax substance solution,
mainly to improve selectivity between venetoclax, its
degradation products, and related substances. The degradation
samples were first tested on two columns: BEH C18 and BEH
Phenyl columns (1.7 μm, 100 mm × 2.1 mm) (Figure S2).
The venetoclax peak had a better shape using a BEH C18
column and the separation of some degradation products
seemed to be better with a BEH C18 column. Some peaks
eluted very early, not showing much retention. The gradient
was adjusted to start with a lower organic phase content to
better retain the early-eluting peaks. The gradient was changed
to: mobile phase A: A = NH4HCO3 (pH 6.0, 10 mM)-ACN
(9:1, v/v); mobile phase B: B = ACN-MTBE (850:80, v/v); t
= 0 min, 0% B; t = 3 min, 0% B; t = 6 min, 30% B; t = 10 min,
70% B; t = 13 min, 70% B; t = 15 min, 30% B.
Narrow pH changes of around pH 6 were tested to see if
selectivity could be improved and to assess the influence of
such changes. The narrow pH changes had an influence on the
retention but not on peak shape or selectivity (Figure S3). The
influence of MTBE in mobile phase B was evaluated (Figure
S3). MTBE improved the peak shape of later-eluting
compounds; however, early-eluting compounds showed better
retention without MTBE (Figure S3). As MTBE did not prove
to significantly improve the method performance, it was
omitted from the mobile phase B.
Two additional stationary phases were tested. A more polar
BEH Shield RP18 and a column with charged surface hybrid
(CSH) technologyCSH C18 column, both of the same
particle size and dimensions as previous columns. The C18
columns gave similar results, whereas a Shield column showed
a slightly diminished retention. The early-eluting degradation
Table 2. Method Model Equations Based on the Second DoE from Screening
observed criteria modela ANOVAb
number of peaks y = 11.857 − 0.577(A) − 0.555(A)2 − 0.816(B)2 − 0.959(A × B) R2 = 0.9668
adj. R2 = 0.9536
F-ratio = 72.9043
number of peaks with resolution ≥1.5 y = 10.012 − 0.568(A) − 0.887(B)2− 0.522(A × B) R2 = 0.7442
adj. R2 = 0.6745
F-ratio = 10.6702
ay = observed criteria, A = gradient time, B = column temperature. bRegression ANOVA statistics, Adj. = Adjusted.
Figure 9. Summary of the work done and parameters studied up until
method optimization.
Figure 10. Chromatogram after the gradient split. The peak eluting at approximately 1 min is a solvent peak of DMSO. A couple of additional
peaks are visible because of using the same sample throughout the AQbD process.
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product (A1) showed better retention when using the CSH
C18 column as well as a better peak shapenarrower and
higher (Figure 3).
The starting pump flow and column temperature were quite
high (0.75 mL/min and 70 °C). A high temperature can
reduce the column lifetime especially with a higher pH of the
mobile phase. Therefore, pump flow and temperature were
lowered to extend the column lifetime (0.6 mL/min and 60
°C).
The effects of temperature change can be seen in the
Supporting Information (Figure S4). The method time was
extended to sufficiently elute all of the degradation products
and the end of the gradient was modifiedending in a larger
percentage of mobile phase Bto make the elution faster and
the later eluting peaks narrower and higher. The modified
gradient was t = 0 min, 0% B; t = 3 min, 0% B; t = 10 min, 70%
B; t = 12 min, 70% B; t = 16 min, 80% B; t = 18 min, 80% B; t
= 19 min, 0% B.
During the scouting phase, additional C18 columns were
tested: Kinetex C18 (1.7 μm, 100 mm × 2.1 mm) with core
shell technology and Luna Omega C18 (1.6 μm, 100 mm × 2.1
mm) (Figure S5). Luna Omega performed the best in terms of
resolution between degradation products B1 and B2. The
resolution between B1 and B2 was 1.88 for Luna Omega, 1.03
for Kinetex, and 1.65 for the previously used CSH column.
The Luna Omega C18 column was thus chosen for further
analysis.
The buffer capacity of ammonium bicarbonate is not
maximal at the selected pH, so a 10 mM ammonium acetate
buffer with a pH of 6.0 was tested on the Luna Omega C18
column as well as an acidic pH ∼ 0.1% TFA. Additionally, a 10
mM ammonium bicarbonate buffer with a pH of 6.6 was tested
(Figure 4). Acidic pH provided alternative selectivity but the
tailing of the venetoclax peak was not suitable (3.47), whereas
the venetoclax peak shape was better at the pH of around 6.
Peaks B1 and B2 switched when using ammonium acetate
buffer, which worsened the resolution between them as peak
B2 exhibited some tailing (Figure 4b).
Overall, C18 columns were found to be the most promising
for the separation of venetoclax and its degradation products. A
mobile phase with a pH in the range of 6−8 gave the best peak
shape. Additionally, ammonium bicarbonate was the most
appropriate buffer. An addition of MTBE did not contribute
significantly to improve the peak shape.
At the end of the scouting phase, a DoE was utilized for the
final selection of the chromatographic column and the type of
mobile phase organic modifier. Because of a desire for a better
separation of closely eluting peaks, a longer column (150 × 2.1
mm) was selected. The flow and gradient were calculated
based on column volume and modified appropriately. A two-
level full factorial design was employed for the DoE (Table
Figure 11. Models for CMAs represented with surface plots. (a,b) Surface plots for venetoclax resolution (Rv). (c) Surface plot for resolution of
degradation product B2 (Rc1). (d) Surface plot for resolution of degradation product A2 (Rc2).
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S2). Because of the pH of the mobile phase used, there was a
wish for a more pH stable chromatography column, as the
Luna Omega C18 column pH range is 1.5−8.5. An addition of
acetonitrile to the ammonium bicarbonate buffer raises the pH.
When testing this effect, the pH of the initial buffer solution
(pH 7.3) went as high as pH = 8.3. Thus, the pH on the
column can be higher than the pH of the initial buffer solution.
Screening parameters for DoE were chosen: column used
[BEH C18 column (suitable pH range 1−12), CSH C18
column (suitable pH range 1−11)], type of organic modifier in
the mobile phase (acetonitrile, methanol), and time of gradient
(15−30 min). CSH C18 columns are more sensitive to higher
temperatures at higher pH values of the mobile phase. We still
wanted to test the column as it proved to provide suitable
results in previous experiments. However, the column
temperature was lowered to 50 °C to accommodate the
suggested column temperatures provided by the column
supplier. The criteria chosen were number of observed
resolved peaks and number of peaks with a resolution greater
than or equal to 1.5. The best overall answer search was
executed with the response goal settings: maximize number of
peaks with 8 peaks having desirability of 0 and 10 peaks having
a desirability of 1 and maximize the number of peaks with a
resolution ≥1.5 with 6 peaks having desirability of 0 and 10
peaks having a desirability of 1 (desirability is a function of
Fusion QbD software, where results are graded on a
desirability scale from 0 to 1). The best results were obtained
using a BEH C18 column, acetonitrile, and a fast gradient (15
min), where the method was able to resolve all the key
degradation products and venetoclax (Figure 5). The
cumulative desirability result was 0.5229 (with target being
1.0000which would be achieved if 10 peaks were resolved
with a resolution ≥1.5). The overall predicted number of
resolved peaks was 9.8, with 7.3 of them having a resolution
≥1.5 (excluding the DMSO peak eluting at approximately 1
min). When the experiment was run, 10 peaks were
successfully resolved with 7 having a resolution ≥1.5.
Method conditions of the best run (Figure 5) were UPLC
BEH C18 (1.7 μm, 150 mm × 2.1 mm) column; mobile phase
A: A = NH4HCO3 (pH 6.0, 10 mM)-ACN = (9:1, v/v);
mobile phase B: B = ACN; pump flow 0.3 mL/min; column
temperature 50 °C; gradient: t = 0 min, 0% B; t = 8 min, 0% B;
t = 23 min, 80% B, t = 28 min, 80% B; t = 28.5 min, 90% B;
followed by a 2 min column wash at 90% B and 3 min re-
equilibration.
2.4. Initial Method Risk Assessment. We performed
method risk assessment using an “Ishikawa” diagram16 (Figure
6). Method parameters were evaluated based on knowledge
about the molecule itself gained through literature7,28,29 and
the scouting experiments. At this stage, we could better define
CMAs based on method scouting: resolution of venetoclax
(Rv) should be ≥1.5. Critical resolution (Rc) was the resolution
between degradation products B1 and B2, which form in stress
testing with added NaOH at 50 °C (Rc1), as well as the
resolution between degradation products B2 and A2 (Rc2) as
they elute rather closely and the resolution may prove
important in a mixed sample (such as the one used in the
AQbD process). Degradation product A2 can form in acidic
conditions and in smaller amounts in basic conditions.
First, parameter categories/groups relating to LC, which can
affect method performance, were established (stationary phase,
mobile phase, detection, and sample). Then, possible
parameters were placed on the diagram in their respective
categories. Each change was evaluated based on the effect on
our selected CMAs (Rv, Rc1, and Rc2) that we could notice in
the initial experiments and the possibility for that change to
occur. For example, the type of buffer has a significant effect on
critical resolutions, as can be seen in Figure 4, but it can be
easily controlled, so it was not considered as critical. On the
other hand, MTBE is usually added to the mobile phase by
hand and may result in more variation, but it showed little
effect on the CMAs.
CMPs that effect CMAs were identified: sample solvent,
column temperature, mobile phase pH, percent of organic
modifier in the mobile phase, gradient slope, and mobile phase




P-value F-ratio regression ANOVA
statisticsb
Rv +0.1725 R2 = 0.9083
−0.0194(A) <0.0001 143.7438 adjusted R2 = 0.8872
+0.0184(C) <0.0001 129.3516 F-ratio = 42.9426













Rc1 +2.4748 R2 = 0.8092
−1.1496(C) <0.0001 29.6262 adjusted R2 = 0.7651
−0.7667(D)2 <0.0001 24.1305 F-ratio = 18.3752
−0.2211
(A × C)



















Rc2 +1.2633 R2 = 0.9766
+0.1436(B) <0.0001 36.3502 adjusted R2 = 0.9697
+0.3315(C) <0.0001 105.6963 F-ratio = 140.4817





















aA = pump flow rate, B = final percent of mobile phase B, C = column
temperature, D = pH. bMS-LOF = mean square lack-of-fit.
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flow. The sample solvent is critical as venetoclax has low
solubility in many solvents and a total solubility of the drug
substance is needed for accuracy. Additionally, variability can
occur as the sample solvent is usually mixed by hand. However,
it was tested separate from the LC method development (see
Section 2.1.1), which resulted in a suitable solvent even if
variation in composition occurred. Thus, it was excluded from
the LC AQbD process. The column temperature showed a
minor, but not necessarily insignificant, effect on method
performance (Figure S4), but it can exhibit significant
variation. We felt more information about parameter
interactions could prove useful, so the column temperature
was marked as possibly critical and in need of further
investigation. Pump flow can usually be well controlled and
as such not considered critical. However, in combination with
gradient change and percent of organic modifier in the mobile
phase, it can show significant parameter interaction. As such, it
was included in the selected CMPs. Lastly, percent of the
organic modifier in the mobile phase, buffer pH, and gradient
all had significant effects on method performance in terms of
resolutions (CMAs), tailing, and length of the method.
Furthermore, they are more difficult to control.
2.5. Method Screening.Method screening was performed
by applying DoE to evaluate critical parameters and their
interactions, using an Acquity BEH C18 column (1.7 μm; 150
× 2.1 mm) and acetonitrile as the organic modifier. Stationary
and mobile phases have the most influence on retention and
resolution. We chose the critical parameters based on the
method risk assessment (Figure 6) and selected those related
to the mobile phase for the first screening.
The parameters studied were pump flow rate (0.3 and 0.4
mL/min), pH of the buffer (6.0, 6.5, 7.0, 7.5, and 8.0), and the
final percent of acetonitrile in the gradient (80−95%). The
other method parameters were column temperature 50 °C;
mobile phase A: A = NH4HCO3 (10 mM); mobile phase B: B
= ACN; gradient: t = 0 min, 10% B; t = 1 min, 10% B; t = 16
min, 80−95% B; t = 26 min, 80−95% B; followed by a 2 min
column wash with 99% B and a 6 min re-equilibration with
10% B.
The monitored criteria were the number of observed
resolved peaks, the number of peaks with a resolution greater
than or equal to 1.5, and the number of peaks with tailing less
than 1.2. A wider set of criteria were chosen (such as number
of resolved peaks), not merely CMAs, with a wish to achieve
the best results and gain a wider knowledge about the method.
DoE using an A- and G-optimal process design (Table S3)30
was used with a cubic design model. An A-optimal design
focuses on minimizing the average variance of predictions of
the regression coefficients and a G-optimal design focuses on
minimizing the maximum variance of the predicted values.
According to the results (Figure 7), the best conditions were
pH 7.00, final percent of acetonitrile 95%, and pump flow of
either 0.38 mL/min or 0.40 mL/min.
The performed DoE experiment enabled us to establish the
interactions of the parameters and their influences on the
results through the models. The method models showed an
interesting, nonlinear relation between the parameters (Figure
8a,b). The model equations are presented in Table 1. Model
equations were statistically evaluated using analysis of variance
Figure 12. Trellis graphs from DoE to establish CMA models and robustness testing. Graph representing an area where the defined criteria are met
in white colordesign space. The colors are areas where the criteria are not met: blue = Rc1 ≤ 1.5, gray = Cpk ≤ 1.33. x = column temperature
(45−60 °C); y = final percent of mobile phase B in the first gradient (75−85%); at pH of 6.0 (top line), 7.0 (middle line) and 8.0 (bottom line);
and pump flow of 0.35 (left column), 0.40 (middle column), and 0.45 mL/min (right column).
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(ANOVA)31 and showed good statistical significance with F-
ratios > 4.00 and acceptable fit (R2 and LOF analysis).
In the next step, mobile phase B was changed to 95% ACN
because of the UHPLC pump check valve longevity. The
method was somewhat shortened, beginning with a higher
amount of ACN as no observed peaks eluted earlier. After that
change, method parameters were UHPLC BEH C18 (1.7 μm,
150 mm × 2.1 mm) column; mobile phase A: A = NH4HCO3
(pH 7.0, 10 mM); mobile phase B: B = 95% ACN (v/v);
column temperature 50 °C; flow rate 0.4 mL/min; gradient: t
= 0 min, 20% B; t = 1 min, 20% B; t = 13 min, 100% B; t = 17
min, 100% B; t = 18 min, 20% B.
With those changes, we performed a second screening DoE
(Table S4), where the column temperature (40−55 °C) was
optimized in relation to gradient time (6−18 min). Column
temperature was chosen based on the initial risk assessment
(Figure 6) as it was not yet included in the first DoE because
of reducing the parameters for a single experiment, and the
Figure 13. Trellis graphs from DoE to establish CMA models and robustness testing. Graph representing an area where the defined criteria are met
in white colordesign space. The colors are areas where the criteria are not met: blue = Rc1 ≤ 1.5, gray = Cpk ≤ 1.33. x = pump flow rate (0.35−
0.45 mL/min); y = buffer pH (6.0−8.0); at column temperature of 45 (top line), 52.5 (middle line) and 60 °C (bottom line); and final percent of
mobile phase B in the first gradient of 75 (left column), 80 (middle column), and 85% (right column).
Figure 14. Trellis graphs of the MODR. Inside the MODR, all the criteria are met, which can be seen by the white color in the entire MODR
region. (a) Axes parameters are the same as in Figure 12 and (b) axes parameters are the same as in Figure 13.
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gradient was included as the mobile phase B was changed to
95% ACN. Additionally, the first screening DoE showed that a
steeper gradient was more efficient, so we wanted to further
test if an additional change to the gradient could prove
beneficial. An A- and G-optimal process design and a cubic
design model were used in the DoE (Table 2, Figure 8c,d). A
shorter gradient (6 min) and a higher temperature (49.7 °C)
were indicated as the best answer.
The work so far is summarized in Figure 9. We studied
various chromatographic parameters. Scouting was composed
of multiple OFAT experiments to evaluate single parameter
changes and evaluate their criticality as well as select the static
parameters for the analytical method. A single DoE was utilized
for the final selection of the chromatographic column and
mobile phase organic modifier. The information gained
assisted us with the method risk analysis and identification of
critical parameters. The following was the method screening
Figure 15. (a) Predicted chromatogram in the selected working point using Fusion QbD software and (b) actual chromatogram in the selected
working point. The peak eluting at approximately 1 min is a solvent peak of DMSO. Peaks eluting at 4.38 and 4.48 min are the process-related
impurities originating from the active pharmaceutical ingredient. Predicted chromatogram (a) contains only the key degradation products that were
tracked during robustness testing.
Figure 16. Graph representing the venetoclax linearity results
including the linear equation.
Table 4. Accuracy and Precision Results from Method Validation
theoretical conc. of venetoclax
(μg/mL)








8 8.082 827,755 7.974 98.66 0.71
8.229 843,195 8.123 98.71
8.480 879,142 8.472 99.91
average: 99.09
10 10.6106 1,119,332 10.799 101.82 1.11
9.624 994,240 9.587 99.62
10.016 1,043,173 10.061 100.45
average: 100.63
12 12.373 1,275,218 12.310 99.49 1.09
12.030 1,266,765 12.228 101.65
12.521 1,308,675 12.634 100.91
average: 100.68
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process consisting of two experiments utilizing DoE.
Combinations of parameters were studied and the method
was further adjusted based on the performance.
2.6. Method Optimization. As a shorter gradient (6 min)
and a higher temperature (49.7 °C) were indicated as the most
promising in the screening process, the gradient time was
further tested including shorter and longer times. Once again,
the experiments showed the shortest gradient was the most
suitable. The shorter gradient time has proven to be beneficial
to the resolutions between degradation products B1 and B3
(Rc1) and between degradation products B2 and A2 (Rc2);
however, the resolution of venetoclax (Rv) has worsened. Thus,
the gradient was split into two gradient steps to optimize the
separation of degradants in the first gradient but keep the
resolution of venetoclax with the second gradient. The method
parameters were UPLC BEH C18 (1.7 μm, 150 mm × 2.1
mm) column; mobile phase A: A = NH4HCO3 (pH 7.0, 10
mM); mobile phase B: B = 95% ACN (v/v); column
temperature 50 °C; pump flow 0.4 mL/min; gradient: t = 0
min, 20% B; t = 1 min, 20% B; t = 4 min, 80% B; t = 9 min,
100% B; t = 10 min, 20% B (Figure 10). The resolutions
between critical pairs were Rc1 (between B1 and B2) = 3.17
and Rc2 (between B2 and A2) = 3.18. Up to this point, the
method was effectively shortened from 28 min (Figure 5) to 10
min (Figure 10). Shorter run times result in a smaller mobile
phase consumption and an easier time management in the
laboratory. They enable a higher analysis throughput.
Next, we employed a DoE including all of the CMPs of
interest and we monitored their effect on the CMAs exclusively
to calculate the appropriate method model equations.
Parameters for the DoE study (Table S5) were chosen in
regard to the initial method risk assessment (see Section 2.4)
Figure 17. (a) Overlay chromatogram of degradation products A1, B1, B2, A2, A3/B3, A4, and venetoclax. (b) Purity plot of venetoclax.
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and further knowledge gained through the screening process:
buffer pH (6.0−8.0), percent of acetonitrile, column temper-
ature (45−60 °C), and flow rate (0.35−0.45 mL/min). The
percent of acetonitrile was studied as a variation of mobile
phase B in the first gradient as that is the most critical part of
the method. The criteria chosen were the CMAs defined in the
initial risk assessment (see Section 2.4): resolution of
venetoclax (Rv) ≥ 1.5; critical resolutions Rc1 (resolution
between B1 and B2) and Rc2 (resolution between B2 and A2)
≥ 1.5 (Figure 11, Table 3). An A- and G-optimal design was
used for the DoE with a cubic design model.
Based on the DoE results, the method model equations were
calculated and statistically evaluated using ANOVA (Table 3).
Additionally, each model coefficient was evaluated. The
included model coefficients show a statistical significance (P-
values < 0.05, F-ratios > 4.00). Furthermore, the F-ratios show
the level of significance of each individual coefficient in the
model. High R2 values and low lack-of-fit (LOF) values
indicate a good fitting model and high F-ratios show that the
model equations have statistical significance.
2.7. Robustness Study. The robustness simulator was
used with enabled variation of all the critical parameters with a
maximum expected variation set at ±3σ. Fusion QbD software
uses process capability indices (Cp, Cpk) to quantify system
robustness. For CMAs, Cpk were used as the process capability
indices with a lower specification limit set (LSL) at 1.33,
meaning 99.99% of measurements will fall inside the
specification limits. The robustness simulator runs Monte
Carlo simulations and presents Cpk in the graphs (Figures 12,
13).
The venetoclax resolution (Rv) and resolution of A2 (Rc2)
were ≥1.5 in the whole experimental region. The resolution of
B2 (Rc1) was <1.5 at higher temperatures with a higher pump
flow and a pH of 6.0 (Figure 12) as well as at a column
temperature of 60 °C at the percent of mobile phase B after the
first gradient of 80% (Figure 13). A control space, where all
three critical resolutions (Rv, Rc1, and Rc2) were suitable, was
defined as MODR (Figure 14) (see Section 2.8).
2.8. Method Operable Design Region. The MODR,
also known as control space, was established based on the
CMA models and robustness simulations. The DoE region is
presented in Figures 12 and 13. The MODR, where the
method is robust is flow rate = 0.37−0.43 mL/min; column
temperature = 46−52 °C; and pH = 6.6−7.8. The acceptable
variation of percent of mobile phase B is ±4%. As the mobile
phase B consists of 95% of acetonitrile (ACN), the acceptable
variation of acetonitrile is ±3.8% (Figure 14).
A working optimal point was chosen inside MODR, which is
flow rate = 0.4 mL/min; column temperature = 50 °C; and pH
= 7 (Figure 15). The predicted CMAs at the working point
were Rv = 5.98, Rc1 = 2.86, and Rc2 = 3.13. The actual CMAs at
the working point were Rv = 6.03, Rc1 = 2.49, and Rc2 = 3.10.
2.9. Final Risk Assessment and Control Strategy.
CMPs have proven to be mobile phase pH, percent of
acetonitrile in the mobile phase, flow rate, and column
temperature. The most critical parameter for venetoclax
resolution is the flow rate, which is suggested to be kept at
the optimal point. The least critical among the CMPs is the
percent of acetonitrile. The resolution between degradation
products B1 and B2 (Rc1) seems to be the most sensitive to the
change of parameters out of the three CMAs, so this resolution
might be considered as a good criterion for system suitability.
2.10. Method Validation. The developed stability-
indicating method for venetoclax was validated in terms of
linearity, accuracy, and repeatability at the selected working
point. Method validation was performed according to the ICH
Q2(R1) guidelines.32 Venetoclax solutions for validation were
prepared as described in Section 4.4.2.
The method proved to be linear in the venetoclax
concentration range of LOD25 μg/mL with a coefficient
of determination (R2) = 0.99987 (Figure 16). Limit of
quantification (LOQ) and limit of detection (LOD) were
determined by calculating the S/N ratios of the prepared
venetoclax solutions. LOD was determined to be 0.075 μg/mL,
where an S/N value was 3.5 and LOQ was determined to be
0.188 μg/mL with an S/N value of 10.48.
Accuracy was established based on the calculated recoveries
at three concentration levels representing 80, 100, and 120% of
the target value (10 μg/mL) (Table 4). The actual venetoclax
concentration was calculated taking into account the weight,
dilution, and purity of the drug substance. The accuracy was
determined by dividing the concentration calculated from
linearity with the actual concentration of venetoclax and is
expressed as recovery in %. All of the recoveries are in the
range of 100 ± 2%.
Repeatability was measured and calculated in three replicates
at three concentrations (80, 100, and 120% of the target
concentration) as the relative standard deviation (RSD). The
method showed good repeatability with RSD <2.00%.
All of the key degradation products (A1, A2, A3/B3, A4, B1,
and B2) were injected, and an overlay chromatogram was
produced. Additionally, a degradation solution prepared for
robustness testing was diluted to achieve an appropriate
venetoclax concentration for purity testing (absorbance <1
AU), and peak purity was evaluated using Empower 3 software.
Degradation products and venetoclax were well separated
(Figure 17a). The calculated purity angle was 0.159, which was
less than the purity threshold (0.292), indicating that the peak
is spectrally pure (Figure 17b).
The method has proven to be accurate, repeatable, and
specific in the range of LOD25 μg/mL in the selected
working point.
3. CONCLUSIONS
A stability-indicating reversed-phase UHPLC method for
determination of venetoclax was developed using an AQbD
approach. There were no previous stability-indicating analytical
methods for venetoclax, no venetoclax degradation products
nor venetoclax impurities available for the development
process. This led to the approach where forced degradation
samples were effectively used throughout the AQbD process.
A mathematical model was established for the CMAs in
regards to the CMPs. A robust method region was proposed
inside the design regioncontrol space, also known as
MODR: flow rate = 0.37−0.43 mL/min, column temperature
= 46−52 °C, pH = 6.6−7.8, and variation of acetonitrile
±3.8%. The mathematical model enables us to get a better
understanding of the effects of the method parameters on the
results. The developed analytical method was validated in the
selected working point in terms of accuracy, repeatability,
sensitivity, and linearity. The developed method achieved the
ATP set at the beginning of the AQbD process.
The developed LC method is able to separate six main
venetoclax degradation products (A1, A2, A3/B3, A4, B1, and
B2). Additionally, the method is MS-compatible, enabling an
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easy transition between different detection methods. This sets
a good foundation for future investigation on the identification
of degradation pathways of venetoclax, which could be
established after structure elucidation of identified key
degradation products. Work on the structural elucidation of
venetoclax degradation products is underway in our
laboratories, and results will be reported in due course.
4. MATERIALS AND METHODS
4.1. Chemicals and Reagents. Venetoclax was obtained
from Selvita (Krakow, Poland) and MSN Laboratories
(Hyderabad, India). Gradient grade acetonitrile (ACN) and
methanol (MeOH) were purchased from J.T.Baker now part of
Avantor (Radnor, PA, USA). Analytical grade glacial acetic
acid, LiChrosolv MTBE, hydrochloric acid (HCl) Titrisol
solution, sodium hydroxide (NaOH) Titrisol solution,
analytical grade EMSURE 85% orthophosphoric acid,
analytical grade 30% peroxide, iron (III) chloride hexahydrate,
and analytical grade buffers were purchased from Merck KGaA
(Darmstadt, Germany). Dimethyl sulfoxide (DMSO) was
purchased from Honeywell (Charlotte, NC, USA). Purified
water was obtained by filtrating through a Milli-Q system from
Merck Millipore (Burlington, MA, USA).
4.2. Equipment and Software. LC method development
and analyses were performed on Acquity UPLC systems
(Waters, Millford, MA, USA) equipped with a binary solvent
manager (BSM), sample manager (SM), temperature-con-
trolled column compartment, and photodiode array detector
(PDA); Acquity UPLC system (Waters, Millford, MA, USA)
with BSM, SM, PDA using a high-sensitivity flowcell, column
manager (CM), and an additional solvent switch; and Acquity
UPLC H-Class systems (Waters, Millford, MA, USA)
equipped with a quaternary solvent manager (QSM), sample
manager with flow-through needle (SM-FTN), and either PDA
or a tunable ultraviolet (TUV) optical detector.
The weighing was done on either XP4002S precision
balance, XP205 DeltaRange analytical balance, AX205
DeltaRange analytical balance, or MX5 microbalance (Mettler
Toledo, Columbus, OH, USA). Weighing of the venetoclax
drug substance was done in a ventilated balance enclosure OK
15 (Iskra Pio, Šentjernej, Slovenia). The pH was measured
using a SevenMulti pH meter (Mettler Toledo, Columbus,
OH, USA). Pipettes used were Picus automatic pipettes
(Sartorius, Göttingen, Germany) and Handystep electronic
repetitive pipettes (Brand, Wertheim, Germany). Ultrasonic
baths used were Branson 8510 (Emerson Electric, St. Louis,
MO, USA), Sonic 10 and Sonic 20 (Iskra Pio, Šentjernej,
Slovenia). Stress testing was done in a BF 720 standard
incubator (Binder, Tuttlingen, Germany). Photostability was
measured in a Suntest XLS+xenon test instrument (Atlas
Material Testing Technology part of Ametek, Mount Prospect,
IL, USA).
Chromatography columns used were Acquity UPLC BEH
C18 (1.7 μm, 100 mm × 2.1 mm, and 150 mm × 2.1 mm),
Acquity UPLC BEH Phenyl (1.7 μm, 100 mm × 2.1 mm),
Acquity UPLC BEH Shield RP18 (1.7 μm, 100 mm × 2.1
mm), Acquity UPLC CSH C18 (1.7 μm, 100 mm × 2.1 mm,
and 150 mm × 2.1 mm) (Waters, Millford, MA, USA);
Kinetex C18 (1.7 μm, 100 mm × 2.1 mm), Luna Omega C18
(1.6 μm, 100 mm × 2.1 mm, and 150 mm × 2.1 mm), Luna
Omega PS (1.6 μm, 100 mm × 2.1 mm) (Phenomenex,
Torrance, CA, USA).
Waters LC systems were equipped with Empower 3
chromatography data software (Waters, Millford, MA, USA).
AQbD was done with Fusion QbD software (S-Matrix, Eureka,
CA, USA).
4.3. Final UHPLC Method Conditions. The final method
conditions in the working point were Acquity UPLC BEH C18
(1.7 μm, 150 mm × 2.1 mm) column; mobile phase A: A =
ammonium bicarbonate (pH 7.0; 10 mM) pH adjusted with
acetic acid; mobile phase B: B = 95% ACN; strong needle wash
= water−ACN−DMSO (5:4:1, v/v/v); pump flow 0.4 mL/
min; injection volume 5 μL; column temperature 50 °C;
autosampler temperature 5−10 °C; detection wavelength 220
nm; gradient: t = 0 min, 20% B; t = 1 min, 20% B; t = 4 min,
80% B; t = 9 min, 100% B; t = 10 min, 20% B; re-equilibration
= 3 min.
4.4. Preparation of Sample Solutions. 4.4.1. Method
Development and the AQbD Study Sample. A stock solution
of venetoclax in DMSO was prepared in a concentration of 5
mg/mL. The stock solution (1 mL) was transferred in a 5 mL
flask, and 1 mL of 1 M HCl was added. The stock solution (1
mL) was transferred in a different 5 mL flask, and 1 mL of 1 M
NaOH was added. The flasks were sealed and transferred to a
standard incubator chamber set at 50 °C. After 3 days, the
samples were removed from the chamber. The sample (1 mL)
with added HCl and 1 mL of the sample with added NaOH
were combined in a 10 mL flask. DMSO (2 mL) was added
along with a few drops of 10 mM ammonium bicarbonate
buffer (pH = 6). Then, the flask was topped off with ACN. The
sample solution was then filtered through a 0.22 μm
polyvinylidene fluoride (PVDF) filter into an amber vial.
4.4.2. UHPLC Method Validation Samples. All of the
samples for validation were prepared as solutions in the
UHPLC sample solvent (ACN-DMSO-buffer (6:3:1, v/v/v)).
The venetoclax drug substance from MSN was used with a
calculated purity of 98.20%. The calculation was done based
on the certificate of analysis provided by the supplier. For
linearity, a sample solution with a concentration of about 100
μg/mL was prepared in two replicates. They were diluted in a
series of dilutions to achieve concentrations of about 50, 25,
12.5, 6.25, 3.125, 1.563, 0.781, 0.391, and 0.195 μg/mL. Initial
solutions with a concentration of about 100 μg/mL were then
diluted to a concentration of about 10 μg/mL. These were
further diluted in a series of dilutions to achieve concentrations
of about 5, 2.5, 1.25, 0.625, 0.313, 0.156, 0.078, 0.039, and
0.020 μg/mL. A linear range was established. A target
concentration (10 μg/mL) inside the range was selected, and
solutions for accuracy and repeatability were prepared (80,
100, and 120% of target concentration). Solutions from
linearity were used for accuracy and repeatability (two
replicates). Additional venetoclax solutions with a concen-
tration of about 10 μg/m and 12 μg/mL were prepared to
produce the third replicate needed for accuracy and
repeatability. Additionally, a venetoclax solution with a
concentration of about 8 μg/mL was prepared in triplicate
to assess the accuracy and repeatability at 80% of the target
concentration. For specificity, the key degradation products
(A1, A2, A3/B3, A4, B1, and B2) were isolated. The key
degradation products were injected, and an overlay chromato-
gram was produced. In addition, an AQbD study sample (see
Section 4.4.1.) was diluted to achieve an absorbance of
venetoclax <1 AU. This solution was used to calculate the peak
purity.
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Nina Žigart − Sandoz Development Center Slovenia, Analytics
Department, Lek Pharmaceuticals d.d., SI-1526 Ljubljana,
Slovenia; Faculty of Pharmacy, Chair of Medicinal Chemistry,
University of Ljubljana, SI-1000 Ljubljana, Slovenia
Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.0c02338
Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Funding
This study was supported by Lek/Sandoz.
Notes
The authors declare no competing financial interest.
■ ACKNOWLEDGMENTS
The authors gratefully acknowledge B. Repsě, M. Hocěvar, T.
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Podpisana Nina Žigart izjavljam, da uporabljam ta izvirni znanstveni raziskovalni članek za 




Moj prispevek v članku: 
Moj prispevek v članku obsega raziskovalno delo pod usmerjanjem mentorja: izvedbo 
stresnih testov in degradacijskih študij, izolacijo razgradnih produktov, razvoj analiznih 
metod tekočinske kromatografije za analizo vzorcev in izolacijo razgradnih produktov, 
izvedbo vseh analiz razen NMR analiz in analiz masne spektrometrije visoke ločljivosti, 
obdelavo in interpretacijo eksperimentalnih podatkov razen podatkov NMR analiz, študij 
literature, oblikovanje ter izris vseh slik, ki so v članku razen Sheme 1, ki sva jo oblikovala 
skupaj z mentorjem, pisanje besedila članka razen interpretacije NMR spektrov in drugega 
dela odstavka 4 podpoglavja 3.3. Izvedbo NMR analiz, interpretacijo NMR spektrov ter 
pripravo teksta članka vezanega na NMR analize je opravil dr. Martin Črnugelj (Lek d.d.). 







Venetoklaks je peroralno biološko razpoložljiv, selektivni zaviralec proteina Bcl-2, ki se 
uporablja za zdravljenje različnih oblik krvnega raka, kot sta kronična limfocitna levkemija 
in drobnocelični limfocitni limfom. V tej študiji smo raziskovali razgradnjo venetoklaksa 
pod različnimi stresnimi pogoji vključujoč kisle, bazične, oksidativne, fotolitične in 
termolitične pogoje. Izolirali in identificirali smo šest glavnih razgradnih produktov, ki so 
nastali pri degradacijskih študijah. Strukture izoliranih razgradnih produktov smo določili z 
uporabo spektroskopije z jedrsko magnetno resonanco (NMR), masno spektrometrijo visoke 
ločljivosti (HRMS) in infrardečo (IR) spektroskopijo. En izmed razgradnih produktov je bil 
identificiran s primerjavo s komercialno pridobljeno nečistoto venetoklaksa. Nakazali smo 
glavne razgradne poti venetoklaksa v raztopini. Kolikor nam je znano, prej ni bilo 
objavljenih nobenih struktur razgradnih produktov venetoklaksa. Ta študija ponuja novo, 
primarno znanje stabilnostnih značilnosti venetoklaksa pod stresnimi pogoji. Venetoklaks je 
trenutno edini zaviralec protein Bcl-2 na trgu. Poleg monoterapije, je učinkovit tudi v 
kombinacijah z drugimi zdravilnimi učinkovinami, tako lahko v prihodnje pričakujemo 
razvoj zdravil, ki vključujejo venetoklaks. Boljši vpogled v stabilnostne značilnosti tega 







On the Stability and Degradation Pathways of
Venetoclax under Stress Conditions
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Abstract: Venetoclax is an orally bioavailable, B-cell lymphoma-2 (BCL-2) selective inhibitor, used for
the treatment of various types of blood cancers, such as chronic lymphocytic leukemia (CLL) and small
lymphocytic lymphoma (SLL). In this study we investigated the degradation of venetoclax under
various stress conditions including acidic, basic, oxidative, photolytic and thermolytic conditions.
We isolated and identified six of its main degradation products produced in forced degradation
studies. The structures of the isolated degradation products were determined by using nuclear
magnetic resonance (NMR) spectroscopy, high resolution mass spectrometry (HRMS) and infrared
(IR) spectroscopy. Additionally, one oxidation degradation product was identified with comparison
to a commercially obtained venetoclax impurity. We proposed the key degradation pathways of
venetoclax in solution. To the best of our knowledge, no structures of degradation products of
venetoclax have been previously published. The study provides novel and primary knowledge of the
stability characteristics of venetoclax under stress conditions. Venetoclax is currently the only BCL-2
protein inhibitor on the market. In addition to single agent treatment, it is effective in combinational
therapy, so future drug development involving venetoclax can be expected. A better insight into the
stability properties of the therapeutic can facilitate future studies involving venetoclax and aid in the
search of new similar therapeutics.
Keywords: stability; stress testing; degradation; venetoclax
1. Introduction
Venetoclax (1) (Figure 1) is an orally bioavailable, B-cell lymphoma-2 (BCL-2)-selective inhibitor [1,2].
The BCL-2 protein family plays a crucial role in the process of apoptosis [3,4]. Genetically programmed
apoptosis can be divided into two pathways: extrinsic and intrinsic. However, the paths are not
separate, but ratherinteract. Proteins of the BCL-2 protein family regulate the intrinsic pathway of
apoptosis [5–7]. The intrinsic pathway is triggered by cell damage. Additionally, most of the anti-cancer
agents work by triggering the intrinsic pathway. In the intrinsic pathway, mitochondrial membrane
permeabilization and subsequent release of mitochondrial proteins occur, which contribute to apoptotic
changes into the cytosol. Both pathways—extrinsic and intrinsic—lead to the activation of caspases
that cause degradation or activation of proteins, affecting physiological processes: DNA fragmentation,
signaling pathway manipulation and cytoskeletal breakdown [7]. The BCL-2 protein was the first
identified protein in the protein family of the same name. The discovery of the anti-apoptotic BCL-2
protein began with an observation of the t(14;18) chromosome translocation in follicular lymphoma
and a suggestion of the involvement of gene bcl-2 in B-cell malignancies with this translocation [8].
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From then on, the BCL-2 protein family began to grow and numerous research studies were conducted
on the topic [9].
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which would reveal degradation pathways of venetoclax and the structure of its degradation 
products. 
Therefore, the present study has been designed to conduct forced degradation studies on 
venetoclax, following International Conference on Harmonization (ICH) guidelines [23,24] and 
recommendations from previous research [25–29]. Additionally, we isolated key degradation 
products with preparative liquid chromatography and characterized them with high resolution mass 
spectrometry (HRMS), NMR and IR analyses. We proposed main degradation pathways of 
venetoclax under stress conditions. 
Stress testing and identification of degradation products is an important part of the drug 
development process. It is one of the first steps to predict stability challenges and helps with the 
development of stability-indicating analytical methods [25]. This is crucial with newer drug 
substances, where there are no known impurities or degradation products available. Therefore, this 
study provides primary knowledge on the stability of venetoclax and sets the foundation for proper 
design of the solid dosage forms containing venetoclax from a stability perspective. 
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Proteins of the BCL-2 family contain BCL-2 homology (BH) regions (BH1, BH2, BH3 and BH4
domains) [4,10]. They mainly interact via the BH3 domain [11]. Based on the structures and functions
of the proteins in the BCL-2 protein family, they can be divided into three groups: pro-apoptotic
effector proteins that contain three to four BH domains (BAK, BAX, BOK); pro-apoptotic BH3-only
proteins (BAD, BID, BIK, BIM, BMF, HRK, NOXA, PUMA) and anti-apoptotic or pro-survival proteins
(BCL-2, BCL-XL, BCL-W, MCL-1, A1/BFL-1) with all four BH domains. BH3-only proteins activate
pro-apoptotic effectors that oligomerize upon activation and form pores in mitochondrial membranes,
causing mitochondrial outer membrane permeabilization (MOMP) [6,7,12]. Anti-apoptotic BCL-2
proteins bind to the pro-apoptotic BCL-2 proteins and prevent their oligomerization, thus stopping
MOMP [5,11,13–15]. The elevated concentrations of anti-apoptotic BCL-2 proteins in cancer cells
protect the cancer cells from apoptosis, prolonging their lifespan. Therefore, BCL-2 inhibitors, such as
venetoclax, induce apoptosis in cells with elevated BCL-2 protein levels. The development of venetoclax
was a process that took over 20 years [16].
Venetoclax is used for the treatment of chronic lymphocytic leukemia (CLL), small lymphocytic
lymphoma (SLL), acute myeloid leukemia (AML) and mantle cell lymphoma (MCL) as a single agent
or in combinational treatment [17–19]. There are 175 clinical studies involving venetoclax currently
active or recruiting in the U.S. National Library of Medicine Clinical Trials database [20] and numerous
research studies investigating the treatment potential of venetoclax [21].
The European Medicines Agency (EMA) assessment report (EPAR) for VenclyxtoTM states that
venetoclax exhibits sensitivity to light, oxidation and slight sensitivity to UV radiation, acid, heat and a
combination of heat and moisture [22]. However, until now there were no reports in the literature
which would reveal degradation pathways of venetoclax and the structure of its degradation products.
Therefore, the present study has been designed to conduct forced degradation studies on venetoclax,
following International Conference on Harmonization (ICH) guidelines [23,24] and recommendations
from previous research [25–29]. Additionally, we isolated key degradation products with preparative
liquid chromatography and characterized them with high resolution mass spectrometry (HRMS),
NMR and IR analyses. We proposed main degradation pathways of venetoclax under stress conditions.
Stress testing and identification of degradation products is an important part of the drug
development process. It is one of the first steps to predict stability challenges and helps with the
development of stability-indicating analytical methods [25]. This is crucial with newer drug substances,
where there are no known impurities or degradation products available. Therefore, this study provides
primary knowledge on the stability of venetoclax and sets the foundation for proper design of the
solid dosage forms containing venetoclax from a stability perspective.
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2. Materials and Methods
2.1. Chemicals and Reagents
Venetoclax was obtained from Selvita (Krakow, Poland) and MSN Laboratories (Hyderabad,
India). Analytical standard of venetoclax N-oxide degradation product was obtained from Dr. Reddy’s
Laboratories (Hyderabad, India). Gradient grade acetonitrile (ACN) and methanol (MeOH) were
purchased from J. T. Baker, now part of Avantor® (Radnor, PA, USA). Analytical grade glacial
acetic acid, analytical grade EMSURE® ethyl acetate (AcOEt), tetrahydrofurane (THF), trifluoroacetic
acid (TFA) for spectroscopy, hydrochloric acid (HCl) Titrisol® solution, sodium hydroxide (NaOH)
Titrisol® solution, analytical grade 30% aqueous peroxide solution, iron (III) chloride hexahydrate,
FT-IR grade potassium bromide (KBr), LC-MS grade LiChropur® ammonium bicarbonate, GC grade
dichloromethane (DCM) and analytical grade ammonium bicarbonate were purchased from Merck
KGaA (Darmstadt, Germany). Dimethyl sulfoxide (DMSO) was purchased from Honeywell (Charlotte,
NC, USA). MS grade HiPerSolv CHROMANORM® ACN was purchased from VWR, part of Avantor
(Radnor, PA, USA). Purified water was obtained by filtrating through a Milli-Q® system from Merck
Millipore (Burlington, MA, USA).
2.2. Equipment and Software
Liquid chromatography (LC) analyses were performed on: Acquity UPLCTM systems (Waters,
Millford, MA, USA) equipped with binary solvent manager (BSM), sample manager (SM),
temperature-controlled column compartment and photodiode array (PDA) detector; Acquity UPLCTM
system (Waters, Millford, MA, USA) equipped with BSM, SM, PDA detector and a high sensitivity
flowcell, column manager (CM) and an additional solvent switch; and Acquity UPLCTM H-Class systems
(Waters, Millford, MA, USA) equipped with quaternary solvent manager (QSM), sample manager
with flow-through needle (SM-FTN) and either PDA or tunable ultraviolet (TUV) optical detector.
Liquid chromatography coupled with mass spectrometry (LC-MS) was performed on an Acquity
UPLCTM system with a Micromass® Quatro Premier XETM mass spectrometer (Waters, Millford,
MA, USA) equipped with BSM, SM, CM and PDA detector. High-resolution mass spectrometry was
performed on Orbitrap Q Exactive® mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
Biotage® IsoleraTM flash chromatography system (Biotage, Uppsala, Sweden) and Agilent® 1200 Series
system (Agilent Technologies, Santa Clara, CA, USA) with two G1361A preparative pumps, G1315D
diode array detector and Rheodyne® model 3725i preparative sample injector (Sigma-Aldrich by
Merck, St. Louis, MO, USA) were used for separation and isolation of degradation products. All NMR
measurements were carried out on a Bruker Avance® III 500 MHz spectrometer (Bruker Biospin,
Rheinstetten, Germany). The spectrometer was equipped with a 5 mm Broad Band Observe (BBO)
Z-gradient probe. Spectra were acquired and processed using Bruker TopSpin® software, version
3.1. IR spectra were acquired using a Nicolet® iSTM50 FT-IR spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). Thermal analysis was done on a DSC 3+ system (Mettler Toledo, Columbus,
OH, USA).
The weighing was done on either an XP4002S precision balance, an XP205 DeltaRange® analytical
balance, an AX205 DeltaRange® analytical balance or an MX5 microbalance (Mettler Toledo, Columbus,
OH, USA). Weighing of venetoclax drug substance was done in a ventilated balance enclosure OK 15
(Iskra Pio, Šentjernej, Slovenia). pH was measured using a SevenMultiTM pH meter (Mettler Toledo,
Columbus, OH, USA). Evaporation of solvents in isolated products was done with an IKA RV 10
rotary evaporator (IKA-Werke, Staufen im Breisgau, Germany) equipped with an IKA HB 10 heating
bath and an MD4C vacuum-pump system (Vacuubrand, Wertheim, Germany), and a TurboVap® LV
evaporator (Caliper Life Sciences, Waltham, MA, USA). Pipettes used were Picus automatic pipettes
(Sartorius, Göttingen, Germany) and Handystep® electronic repetitive pipettes (Brand, Wertheim,
Germany). Ultrasonic baths used were Branson 8510 (Emerson Electric, St. Louis, MO, USA), Sonic 10
and Sonic 20 (Iskra Pio, Šentjernej, Slovenia). Degradation studies were done in a BF 720 standard
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incubator (Binder, Tuttlingen, Germany). Photo-stability was performed in a Suntest® XLS+ xenon
test instrument (Atlas Material Testing Technology part of Ametek, Mount Prospect, IL, USA).
Waters LC systems were equipped with Empower® 3 chromatography data software (Waters,
Millford, MA, USA), MS was run by MassLynx® mass spectrometry software (Waters, Millford,
MA, USA), HRMS was equipped with XcaliburTM software (Thermo Fisher Scientific, Waltham, MA,
USA) and preparative HPLC system was equipped with Agilent ChemStation® software (Agilent
Technologies, Santa Clara, CA, USA).
2.3. Ultra High Performance Liquid Chromatography (UHPLC) Method Conditions
The UHPLC method was used for degradation testing. Method conditions were: sample solvent
composition: ACN-DMSO-buffer (6:3:1, v/v/v); column: Acquity UPLCTM CSH C18 (1.7 µm, 100 mm
× 2.1 mm); mobile phase A:A = ammonium bicarbonate (pH 6.0; 10 mM) pH adjusted with acetic
acid-ACN (9:1, v/v); mobile phase B:B = 100% ACN; strong needle wash: water-ACN-DMSO (5:4:1, v/v/v);
pump flow 0.6 mL/min; injection volume 5 µL; column temperature 60 ◦C; autosampler temperature
5 ◦C; detection wavelength 220 nm; gradient: t = 0 min, 0% B; t = 3 min, 0% B; t = 10 min, 70% B;
t = 12 min, 70% B; t = 16 min, 80% B; t = 18 min, 0% B; re-equilibration = 2 min.
2.4. MS and HRMS Method Conditions
MS conditions were: ion mode ESI+, capillary voltage 2.00 kV, cone voltage 40 V, extractor voltage
3 V, RF lens voltage 0.0 V, source temperature 110 ◦C, desolvation temperature 350 ◦C, desolvation
gas flow 600 L/h, cone gas flow 60 L/h. HRMS spectra were acquired using direct injection (flow 20
µL/min). HRMS conditions were: spray voltage +3600 V, capillary temperature 350 ◦C, sheath gas flow
rate 8 arb. units and auxiliary gas flow rate 4 arb. units.
2.5. Preparative Chromatography Conditions
Flash chromatography was used mainly to separate venetoclax from its degradation products.
Separation was performed on Biotage® SNAP 50 columns with a gradient elution using dichloromethane
(DCM) as a weak solvent and MeOH as a strong solvent. Collected fractions corresponding to visible
peaks under UV spectrum at 220 nm were then combined and solvents evaporated.
Preparative HPLC method was developed using a Phenomenex Luna® C18 column (5 µm, 250 mm
× 21.2 mm). Mobile phases were: A = 0.1% TFA in water (v/v %); B = ACN-A (9:1, v/v). The gradient
was changed depending on the sample. First gradient was: 0 min, 10% B; 2 min, 10% B; 12 min, 90% B;
14 min, 100% B; 16 min, 100% B; 16.5 min, 10% B; and was used for the preparation of degradation
products B1, B2 and A2. Second gradient was: 0 min, 10% B; 2 min, 10% B; 3 min, 60% B; 17 min, 90%
B; 17.5 min, 100% B; 19 min, 100% B; 20 min, 10% B; and was used for the preparation of degradation
products A1, A3 and A4. Flow rate was 15 mL/min and detection wavelength was 220 nm. The column
temperature was not controlled. The sample was injected by hand in multiple smaller portions of
approximately 0.2–0.4 mL accumulating to 2–10 mL of sample per run depending on the sample.
Sample fractions were collected by hand.
2.6. NMR Method Conditions
NMR spectrometer was operated at 500 and 150 MHz for 1H and 13C, respectively. Samples were
prepared by dissolving in DMSO-d6 (D, 99.8%, Merck) and spectra were recorded at room temperature.
Chemical shifts (δ) were expressed in ppm with reference to residual solvent signal (2.50 ppm and
39.5 ppm for 1H and 13C, respectively).
2.7. DSC Measurements Conditions
DSC thermograms were acquired using the differential scanning calorimeter DSC 3+ system
(Mettler Toledo, Columbus, OH, USA) operating at 10 ◦C/min.
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2.8. Fourier-Transform Infrared (FTIR) Measurements Conditions
FTIR spectra were acquired using Nicolet® iSTM50 FT-IR spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) using KBr disks.
2.9. Preparation of Sample Solutions
2.9.1. Degradation Studies Samples
All of the samples were prepared in a dark room. Because of venetoclax’s low solubility in water,
an initial solution of venetoclax in DMSO was prepared. DMSO was used as a co-solvent in stress
testing to obtain a solution [26]. Around 250 mg of venetoclax substance was weighed in 100 mL of
DMSO, resulting in a solution with a concentration of about 2.5 mg/mL. The initial solution was divided
in 10 mL portions and 10 mL of the stress medium were added—aqueous solutions (1 M HCl, 1 M
NaOH, 3% H2O2, 1 mg/mL ACVA). The flasks were sealed and put in a standard incubator chamber
with a regulated temperature of 50 ◦C ± 2 ◦C. Where the stressor was merely room temperature or
elevated temperature, 20 mL of ACN and 3.33 mL of buffer, ammonium bicarbonate (pH 6.0, 10 mM),
were added to the 10 mL of initial DMSO solution of venetoclax to get an approximate UHPLC sample
solvent composition (ACN-DMSO-buffer (6:3:1, v/v/v)).
The prepared samples were sampled at different time points (1, 2, 3, 4, 7, 8, 9, 10, 11 and 14 days)
by transferring 2 mL of the sample into a 5 mL flask. HCl and NaOH stress sample solutions were
neutralized by adding 1 mL of either 1 M HCl or 1 M NaOH, then 0.5 mL of DMSO was added and the
flask was topped off with ACN. Where the stress solution added was H2O2 or ACVA, there was no
acid/base neutralization. DMSO (0.5 mL) was added to the initial 2 mL of stress sample solution and
the flask was filled with ACN. The samples that were on room temperature and 50 ◦C, without an
additional stress medium, were diluted with the UHPLC solvent.
2.9.2. Samples for Isolation of Degradation Products
Venetoclax drug substance (1 g) was weighed and dissolved in 100 mL of DMSO, then 50 mL
of 4 M HCl was added to the solution. In the same manner, 1 g of venetoclax drug substance was
dissolved in 100 mL of DMSO, then 50 mL of 4 M NaOH was added to the solution. The prepared
samples were incubated in a standard incubator chamber set at 50 ◦C ± 2 ◦C for 7 days. The samples
were neutralized with 50 mL of either 4 M NaOH or 4 M HCl. Then, 50 mL of ACN was added. A small
amount of sample was taken for analysis. The sample solvent was then evaporated with a rotary
evaporator and residual DMSO was removed with distillation. The sample was analyzed with UHPLC
to assess the effect of distillation. In another instance, DMSO was removed by multiple liquid–liquid
extractions with AcOEt and DCM. The extracted samples were analyzed with LC-MS. Dry samples
were later used for Flash chromatography. Collected samples from Flash chromatography were used
for preparative HPLC. Samples were reconstituted in the solvent for preparative HPLC (THF-0.1%
(v/v %) TFA in water (1:1, v/v)). Samples were always reconstituted directly before isolation to reduce
the oxidation which could lead from exposure to THF.
2.9.3. Preparation of Isolated Degradation Products for Analyses
After samples from preparative chromatography were collected, the solvent was removed by
evaporation to obtain dry degradation products. For NMR analyses, degradation products were
dissolved in DMSO-d6. The solutions were then used for HRMS. DMSO was partially evaporated
with a rotary evaporator and samples were diluted with MeOH to achieve the concentration of 1
µg/mL. For thermal analysis, dry samples were weighed in aluminum sample pans and encapsulated.
To measure the IR spectra, the samples were mixed with KBr and pressed into tablets for analysis.
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3. Results and Discussion
3.1. Forced Degradation Studies
We conducted forced degradation studies based on the ICH guidelines [23,24]. The primary
stress conditions we chose were 0.1 M HCl, 1 M HCl, 0.1 M NaOH, 1 M NaOH, 0.3% H2O2, 3% H2O2,
FeCl3 and 22 h SUNTEST. The SUNTEST irradiance was 250 W/m2 at wavelengths of 300-800 nm,
corresponding to approximately 1.28 mio lux hours. The temperature was kept under 30 ◦C in the
test chamber throughout the test, with the black standard surface maximum temperature set to 40 ◦C.
All the stress testing, except for the SUNTEST, was conducted in an incubator chamber at 50 ◦C ±
2 ◦C. After an initial assessment of the stability at the mentioned conditions, a degradation study was
conducted lasting 14 days where the substance in DMSO solution was exposed to room temperature,
elevated temperature of 50 ◦C, 1 M HCl at 50 ◦C, 1 M NaOH at 50 ◦C, 3% H2O2 at 50 ◦C and ACVA at
50 ◦C. Venetoclax has shown to be sensitive to acidic and basic conditions in solution and partially
sensitive to oxidation. The elevated temperature of 50 ◦C as a sole stressor did not result in a significant
degradation (Figure 2).
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Stress  
Condition 
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1 M NaOH, 50 °C 1 day 1 day 2 days 
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We focused on the major primary degradants, which are usually those that occur in at least 10% 
of the total degradation [26]. For that reason, the amounts of the degradation products in samples 
were divided with the amount of degraded venetoclax. For isolation and characterization, we focused 
.
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A degradation of 5–20% [29] or 10–20% [26] can be found as a recommendation for stress testing,
to produce relevant degradation products. A degradation >5% was achieved in acidic, basic and
oxidative conditions, and a degradation of at least 10% was achieved with added HCl, NaOH and
ACVA (Table 1).
Table 1. Representation of conditions where degradation thresholds were achieved.
Stress
Condition 5% Degradation 10% Degradation 20% Degradation
1 M HCl, 50 ◦C 2 days 3 days 7 days
1 M NaOH, 50 ◦C 1 day 1 day 2 days
3% H2O2, 50 ◦C 7 days not achieved not achieved
ACVA, 50 ◦C 2 14 days not achieved
We focused on the major primary degradants, which are usually those that occur in at least 10%
of the total degradation [26]. For that reason, the amounts of the degradation products in samples
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were divided with the amount of degraded venetoclax. For isolation and characterization, we focused
on stress conditions where at least 10% of venetoclax degradation occurred in a maximum of one week.
A limit of one week was chosen since degradation studies were carried out at an elevated temperature
of 50 ◦C, which is a significantly higher temperature than the ones expected in a pharmaceutical product
lifetime. Degradation rate is much faster at an elevated temperature and products noticed may be
produced at a significantly lower rate at normal storage temperature, if at all. Therefore, a limit of seven
days was put in place to focus on the most significant degradation products. This resulted in four key
HCl degradation products marked as A1, A2, A3 and A4, and three key NaOH degradation products
marked as B1, B2 and B3. We used an UHPLC method to determine the amounts of degradation
products, not taking into account the difference in response factors between venetoclax and degradation
products. Therefore, the amounts serve merely as an orientation and a deciding factor in selection of
the degradation products of interest.
Additionally, a known metabolite of venetoclax, piperazine N-oxide [30], which might be a
potential oxidative degradation product, was obtained from commercial sources and compared to the
impurity profile obtained with oxidative stress degradation conditions.
3.1.1. Degradation of Venetoclax in Acidic Conditions
Degradation in an acidic environment using 1 M HCl occurred rapidly, achieving >5% degradation
in two days and >10% degradation in three days. Four degradation products formed in an amount
of at least 10% of the total degradation, where the 10–20% of total venetoclax degradation occurred
(Figure 3a). This means there was at least 1% of the degradation product present in the sample (where
total venetoclax degradation reached 10%) or there was at least 2% of the degradation product present
in the sample (where total venetoclax degradation reached 20%). Additionally, we could notice rising
and falling concentrations of certain minor degradation products (Figure S1a).
3.1.2. Degradation of Venetoclax in Basic Conditions
Degradation in a basic environment using 1 M NaOH occurred the fastest, with >10% degradation
(13.4%) in one day. After two days in basic conditions at 50 ◦C, the degradation exceeded 20%. A high
number of degradation products had formed in 14 days, but mostly in low concentrations (Figure S1b).
A steep rise of two degradation products B1 (tR = 9.7 min) and B2 (tR = 9.8 min) was observed with a
steady increase over time. Another key degradation product B3 (tR = 15.7 min) was formed in one day,
the concentration of which was quite steady throughout the study, but the concentration relative to
total degradation fell over time (Figure 3b).
3.1.3. Degradation of Venetoclax in Oxidative Conditions
Degradation in oxidative conditions using H2O2 and ACVA did not provide 10% of venetoclax
degradation in seven days. However, a rise of a potentially relevant degradation product was noticed
on level of 2.57% area in UHPLC analysis with an addition of H2O2 in seven days (Figure S2), while
the level of this degradation product was significantly lower in venetoclax solutions with added ACVA
(0.22% area in seven days). Under oxidative conditions, venetoclax N-oxidation could be expected,
since venetoclax contains a piperazine moiety. Such a product has been previously identified as a
metabolic product [30]. Therefore, N-oxide venetoclax was procured from commercial sources and
compared to the degradation product in venetoclax stress solution with added H2O2.
3.2. Characterization of Observed Key Degradation Products of Venetoclax
As was pointed out previously (see Section 3.1), we focused on stress conditions where at
least 10% of total degradation occurred in a maximum of one week. This resulted in four key HCl
degradation products and three key NaOH degradation products (Figure 4). The products were
isolated using Flash and HPLC preparative chromatography as described in the Materials and Methods
section (see Section 2.5). Their structure was determined by using NMR spectroscopy, HRMS and
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IR spectroscopy. In addition, the melting point of the isolated crystalline substance was determined






Figure 3. (a) Key degradation products of venetoclax in acidic conditions (1 M HCl, 50 °C) represented 
with a line chart depicting their increase in sample over time. A zone where a total degradation of 5–
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was obtained is marked with a darker yellow rectangle. (b) Key degradation products of venetoclax 
in basic conditions (1 M NaOH, 50 °C) represented with a line chart depicting their percentage in 
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3.2.  Characterization of Observed Key Degradation Products of Venetoclax 
As was pointed out previously (see Section 3.1.), we focused on stress conditions where at least 
10% of total degradation occurred in a maximum of one week. This resulted in four key HCl 
degradation products and three key NaOH degradation products (Figure 4). The products were 
isolated using Flash and HPLC preparative chromatography as described in the Materials and 
Methods section (see Section 2.5.). Their structure was determined by using NMR spectroscopy, 
HRMS and IR spectroscopy. In addition, the melting point of the isolated crystalline substance was 
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The 1H NMR spectrum of degradation product A1 (2) shows NH2 group, one NH proton,
three aromatic protons, five CH2 groups and one CH group; and 13C NMR spectrum of A1 shows six
aromatic and six aliphatic carbons. A comparison of 1H NMR spectra of A1 and venetoclax suggests
that A1 corresponds to benzenesulfonamide part of venetoclax. HRMS spectrum of A1 (Figure S17)
shows a (M + H)+ peak at 316.0958 nd a (M+Na)+ peak at 338.0776. (2M+Na)+ is also present at
653.1660. This indicates an ex ct mass of 315.0885, which correlates with a molecular formula of
C12H17N3O5S and the proposed structure (Scheme 1, Figures S9–S17).
HRMS spectrum of degradation product A2 (3) shows a (M + H)+ peak at 571.2458, indicating
an exact mass of 570.2385. The three most probable molecular formulas were C31H33ClN7O2,
C25H39ClN6O5S and C33H35ClN4O3. The even nominal mass indicates an even number of nitrogen
atoms. Structuring from the Cl part of the venetoclax molecule, the molecular formula C33H35ClN4O3
seemed to be most promising. The 1H NMR spectrum of A2 shows one NH and OH proton, 11 aromatic
protons, 8 CH2 groups, and dimethylmethylenic group; and 13C NMR spectrum of A2 shows one
carboxylic carbon, 19 aromatic, 2 vinylic carbons and 11 aliphatic carbons. A comparison of 1H NMR
spectra of A2 and venetoclax suggests that benzenesulfonamide part of venetoclax (that corresponds
to A1) is not prese t in A2. This resulted in the proposed structure of A2 (Scheme 1, Figures S18–S25).
The 1H and 13C NMR spectra of de radation product A3 (4) show a single se of signals that are
in accordance with the proposed symmetric dimeric structure. The 1H NMR spect um shows 6 NH
protons, 26 aromatic protons, 27 CH2 groups, two CH groups and two dimethylmethylenic groups;
and 13C NMR spectrum of A3 shows two carbonyl carbon, 50 aromatic, 4 vinylic carbons and 35
aliphatic carbons. A comparison of 1H NMR spectra of A3 and venetoclax showed that an additional
CH2 group (3-CH2) is present in A3, whereas H-3 on the 1H-pyrrolo[2,3-b]pyridine ring is missing in
A3. Key HMBC correlations from 3-CH2 to C-2, as well as from 3-CH2 to C-3a, confirm that 3-CH2
group forms a bridge between two 1H-pyrrolo[2,3-b]pyridine rings. The HRMS spectrum of A3 shows
a monoisotopic (M + H)+ peak at 1747.6434 which indicates an exact mass of 1746.6361. This best
correlates with a molecular formula of C91H100Cl2N14O14S2, which suits the structure determined by
NMR. The most abunda t peak in HRMS spectrum is (M+2H)2+ at 875.3234 which conforms with the
roposed structure (Scheme 1, Figures S26–S33).
The 1H NMR spectrum of degradation produ t A4 (5) shows one NH and one NH+ proton,
12 aromatic protons, 8 CH2 groups and dimethylmethylenic group; and 13C NMR spectrum of A4
shows 19 aromatic, 2 vinylic carbons and 11 aliphatic carbons. Comparison of 1H NMR spectra of
A4 and A3 suggests that the carboxylic group is not present in A4. This is further supported by
the appearance of additional aromatic proton H-13 in 1H NMR spectrum of A4 as well as by the
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absence of carbonyl carbon C-14 in the 13C NMR spectrum of A4. The HRMS spectrum of A4 shows a
(M + H)+ peak at 527.2543 and a (M+2H)2+ peak at 264.1307, indicating an exact mass of 526.2470.
The possible molecular formulas were C27H35ClN6O3 and C32H35ClN4O. Judging by the number of N
and O atoms in that particular part of the molecule, C32H35ClN4O was the most probable molecular
formula, which coincided with the NMR results (Scheme 1, Figures S34–S41).
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venetoclax, the most suitable molecular formula was C45H48ClN7O6S, which indicates a loss of H2O
from the venetoclax molecule (C45H50ClN7O7S). This was confirmed with an NMR analysis. The 1H
NMR spectrum of B1 shows 2 NH protons, 14 aromatic protons, 12 CH2 groups, one CH group and
dimethylmethylenic group; and 13C NMR spectrum of B1 shows one carbonyl carbon, 26 aromatic,
2 vinylic carbons and 16 aliphatic carbons. Comparison of 1H NMR spectra of B1 and venetoclax
showed that NH-22 proton, as well as CH2-23 protons, were not present in B1. In addition, 13C NMR
spectrum of B1 revealed that C (23) carbon is located in the aromatic region. The proposed structure
was further supported by key HMBC correlation from H-25/28 to C-23, the (1H, 15N)-HMBC correlation
between H-17 and N-OH nitrogen atoms, and the correlation between H-24 and N-22 nitrogen atoms
(Scheme 1, Figures S42–S50).
The HRMS spectrum of degradation product B2 (7) shows a (M + H)+ peak at 771.2351, resulting
in an exact mass of 770.2278. The best suited molecular formula was C39H39ClN6O7S, indicating a
loss of C6H11N. Cl was still present in the molecule, which indicated changes at the other part of the
venetoclax structure. A loss of tetrahydropyran moiety through amine hydrolysis would result in
an exact mass of 769.2449 (C39H40ClN7O6S; -C6H10O). Proposing substitution instead of hydrolysis
resulted in a structure of an exact mass of 770.2289, which correlated with the initial proposed molecular
formula. The 1H NMR spectrum of B2 shows 2 NH protons, 14 aromatic protons, 8 CH2 groups and
dimethylmethylenic group; and 13C NMR spectrum of B2 shows one carbonyl carbon, 25 aromatic,
2 vinylic carbons and 11 aliphatic carbons. The comparison of 1H NMR spectra of B2 and venetoclax
clearly showed that tetrahydropyran ring was not present in B2 (Scheme 1, Figures S51–S58).
Degradation product B3 (4) was confirmed by UHPLC-UV and UHPLC-MS methods (Figures
S59–S62). B3 was compared with degradation product A3 of known structure (see above). Degradation
products A3 and B3 elute at the same retention time and have the same UV spectra. The MS spectra of
both A3 and B3 show the (M+2H)2+ peak at 875. Based on these results and the behavior of the peak
throughout the analytical method development, it was concluded that the structure of B3 is the same
as the structure of A3.
Additionally, degradation product that occurred in the venetoclax stress sample with added H2O2
was compared to the commercially bought N-oxide venetoclax impurity (8). The N-oxide impurity
eluted at the same retention time as the H2O2 degradation product. The compounds share the same
UV and MS spectra (Figures S63–S65). The structure can be seen in Scheme 1.
3.3. Degradation Pathways of Venetoclax
Venetoclax has proven to be labile under acidic and basic conditions in solution (Scheme 1).
One of the key degradation pathways is N-acylsulfonamide moiety hydrolysis [31–34],
where venetoclax degrades into a sulfonamide product, A1 (2), and a carboxylic acid degradation
product, A2 (3). Based on the literature data, N-acylsulfonamide hydrolysis is possible in both acidic
as well as alkaline conditions, but is more prevalent in acidic conditions [31]. In the case of venetoclax,
we observed this degradation predominantly in acidic conditions. The carboxylic acid degradation
product (3) can further undergo decarboxylation [35], resulting in degradation product A4 (5). The rate
of the decarboxylation reaction usually varies depending on the pH, temperature and solvent ionic
strength [36] and can occur in various solvents [37]. We observed that up to 4.3% of (5) was formed at
50 ◦C in seven days, which indicates that the decarboxylation reaction is rather slow for the venetoclax
fragment (3) at 50 ◦C in DMSO/H2O mixture.
Another degradation product, formed in acidic and basic conditions was degradation product
A3/B3 (4). It is a dimer, connecting two venetoclax molecules through a methylene bridge, the origin of
which is probably DMSO used in the solvent [38,39]. DMSO can undergo a Pummerer-type reaction,
resulting in a methyl(methylene)sulfonium species. The hydrolysis of methyl(methylene)sulfonium
species would result in formaldehyde formation (Scheme 2) [38].
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Scheme 2. DMSO reaction resulting in a methyl(methylene)sulfonium species and formaldehyde.
Venetoclax can react with the methyl(methylene)sulfonium species, after which a second
Pummerer-type reaction and a subsequent reaction with another venetoclax molecule would result
in the dimer (4) (Scheme 3). Alternatively, venetoclax could dimerize through a reaction with
formaldehyde (Scheme 4) [38–40]. A similar, solvent free reaction with formaldehyde was observed
with an addition of a Lewis base, calcium oxide [41]. The same product could be expected in the
presence of MeOH [42].
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Scheme 4. Dimerization of venetoclax with formaldehyde originating from DMSO.
Most synthetic processes for venetoclax are done in part in the presence of DMSO and/or MeOH,
so some residual solvents can be expected in the drug substance [43]. The degradation product A3
(4) can therefore form, though this is likely to occur in lower concentrations as a consequence of the
presence of residual solvents in venetoclax. In addition, various dimers could form in a similar way,
connecting venetoclax molecules with other degradation products or connecting degradation products
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among themselves. Degradation product A3 (4) can be expected in higher concentrations, compared to
other dimers that could form in a similar manner, since venetoclax concentration is much higher than
the concentration of its degradants. The observation of this degradation pathway is of paramount
importance for design of solid dosage forms containing venetoclax. It implies that excipients based on
polyether compounds such as polyethylene glycol (PEG), polyethylene oxide (PEO) and poloxamer
should be avoided in excipient selection, since polyether compounds are susceptible to degradation by
molecular oxygen and form small molecular weight organic impurities such as formaldehyde to a high
extent [44–46]. Therefore, the use of polyether compounds together with venetoclax in the final dosage
form could lead to the formation of dimeric degradation products.
In addition to dimerization, two more key degradation pathways were discovered in basic
conditions. The first key degradation pathway in basic conditions is the cyclization of a o-nitroaniline
moiety, which produces benzoimidazole N-oxide, degradation product B1 (6) [47–57]. The proposed
mechanism for cyclization can be seen in Scheme 5. First, the nitrogen atom from the amino group is
deprotonated by a hydroxide anion and water is eliminated. Lastly, cyclization involving the nitroso
group and azomethine moiety occurs [51,54,56]. The product can form a tautomer (Scheme 6) [49,54].
The reaction is likely solvent-dependent. The reaction mechanism was previously observed with the
addition of various organic solvents such as 1,4-dioxane [51–53], alcohols [53,54], DMF or DMSO [53,54].
Similar cyclization was observed under photolytic conditions on other molecules [47], therefore, in the
case of venetoclax, this product could also form when exposed to photolytic conditions.
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The second key degradation pathway in basic conditions is a nucleophilic aromatic substitution
(SNAr) of the 2-nitro-substituted benzene with the hydroxyl group from NaOH [50,54,58–60], resulting in
degradation product B2 (7).
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Appendix A. Identification of Degradation Products
Appendix A.1. Degradation Product A1
3-nitro-4-(((tetrahydro-2H-pyran-4-yl)methyl)amino)benzenesulfonamide (2): crystalline solid. Mp:
onset 190.3 ◦C, peak 191.0 ◦C. 1H NMR (500 MHz, DMSO-d6): δ (ppm) 8.75 (t, J = 6.0 Hz, 1H), 8.47
(d, J = 2.3 Hz, 1H), 7.82 (dd, J = 2.3, 9.2 Hz, 1H), 7.32 (br s, 2H), 7.30 (d, J = 9.2 Hz, 1H), 3.85 (m, 2H),
3.35 (m, 2H), 3.26 (m, 2H), 1.90 (m, 1H), 1.61 (m, 2H), 1.26 (m, 2H); 13C NMR (125 MHz, DMSO-d6): δ
(ppm) 146.7, 132.7, 130.0, 129.4, 124.7, 115.7, 66.6, 47.8, 33.9, 30.1; IR (KBr, cm−1): 3371, 3311, 3223, 2959,
2923, 2850, 1619, 1569, 1518, 1356, 1339, 1319, 1216, 1167; HRMS (ESI): m/z (M + H)+ calculated for
C12H17N3O5S: 316.0962; found: 316.0958.
Appendix A.2. Degradation Product A2
2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4′-chloro-5,5-dimethyl-3,4,5,6-tetrahydro-[1,1′-biphenyl]-
2-yl)methyl)piperazin-1-yl)benzoic acid (3): amorphous solid; 1H NMR (500 MHz, DMSO-d6): δ (ppm)
11.64 (s, 1H), 9.34 (br s, 1H), 7.98 (d, J = 2.6 Hz, 1H), 7.78 (d, J = 8.9, 1H), 7.47 (m, 1H), 7.38–7.41 (m, 3H),
7.09 (m, 2H), 6.77 (dd, J = 2.5, 8.9 Hz, 1H), 6.41 (d, J = 2.5, 1H), 6.38 (dd, J = 1.9, 3.3 Hz, 1H), 3.74 (br s,
2H), 3.59 (s, 2H), 3.28 (br s, 2H), 3.06 (br s, 2H), 2.78 (br s, 2H), 2.20 (br m, 2H), 2.02 (s, 2H), 1.46 (m, 2H),
0.95 (s, 6H); 13C NMR (125 MHz, DMSO-d6): δ (ppm) 165.9, 158.4, 153.4, 148.3, 144.9, 141.7, 140.4, 134.6,
133.5, 131.8, 129.8, 128.7, 127.6, 121.7, 119.8, 116.3, 113.0, 109.5, 105.6, 99.9, 58.0, 50.6, 46.6, 43.8, 34.3,
28.7, 27.9, 24.8; IR (KBr, cm−1): 3600–2400 (stretch), 2957, 2925, 2868, 1675, 1610, 1489, 1432, 1401, 1201,
1136, 832, 721; HRMS (ESI): m/z (M + H)+ calculated for C33H35ClN4O3: 571.2470; found: 571.2458.
Appendix A.3. Degradation Product A3/B3
2,2′-((methylenebis(1H-pyrrolo[2,3-b]pyridine-1,5-diyl))bis(oxy))bis(4-(4-((4′-chloro-5,5-dimethyl-3,4,
5,6-tetrahydro-[1,1′-biphenyl]-2-yl)methyl)piperazin-1-yl)-N-((3-nitro-4-(((tetrahydro-2H-pyran-4-yl)
methyl)amino)phenyl)sulfonyl)benzamide) (4): amorphous solid; 1H NMR (500 MHz, DMSO-d6): δ
(ppm) 11.64 (br s, 2H), 11.43 (d, J = 2.5 Hz, 2H), 8.62 (t, J = 6.0 Hz, 2H), 8.58 (d, J = 2.3 Hz, 2H), 7.97 (d,
J = 2.6 Hz, 2H), 7.84 (dd, J = 2.3, 9.4 Hz, 2H), 7.66 (d, J = 2.6 Hz, 2H), 7.51 (d, J = 9.0 Hz, 2H), 7.37 (m,
4H), 7.34 (d, J = 2.5 Hz, 2H), 7.13 (d, J = 9.4 Hz, 2H), 7.07 (m, 4H), 6.69 (dd, J = 2.3, 9.0 Hz, 2H), 6.19 (d,
J = 2.3 Hz, 2H), 4.03 (s, 2H), 3.82 (m, 4H), 3.62 (br s, 4H), 3.56 (s, 4H), 3.28 (m, 4H), 3.23 (m, 4H), 3.20 (br
s, 4H), 3.00 (br s, 4H), 2.74 (br s, 4H), 2.18 (br m, 4H), 2.00 (s, 4H), 1.86 (m, 2H), 1.58 (m, 4H), 1.44 (m,
4H), 1.23 (m, 4H), 0.93 (s, 12H); 13C NMR (125 MHz, DMSO-d6): δ (ppm) 163.5, 158.1, 153.5, 147.5,
145.9, 145.5, 141.6 (br s), 140.3, 135.2, 133.9, 132.2, 131.8, 129.8, 129.6, 128.7, 127.9, 125.3, 124.3, 121.8 (br
s), 119.5, 117.3, 115.1, 113.2, 112.6, 109.0, 102.3, 66.6, 58.1, 50.5, 47.9, 46.6, 43.8, 34.2, 33.9, 30.1, 28.7,
27.8, 24.8, 20.8; IR (KBr, cm−1): 3600–3000 (stretch), 2925, 2854, 1677, 1615, 1521, 1487, 1433, 1347, 1267,
1241, 1201, 1173, 1134, 1104, 834, 721; HRMS (ESI): m/z (M + H)+ calculated for C91H100Cl2N14O14S2:
1747.6435; found: 1747.6434.
Appendix A.4. Degradation Product A4
5-(3-(4-((4′-chloro-5,5-dimethyl-3,4,5,6-tetrahydro-[1,1′-biphenyl]-2-yl)methyl)piperazin-1-yl)phenoxy)-
1H-pyrrolo[2,3-b]pyridine (5): 1H NMR (500 MHz, DMSO-d6): δ (ppm) 11.72 (s, 1H), 9.25 (br s, 1H),
8.03 (d, J = 2.6 Hz, 1H), 7.63 (dd, J = 0.5, 2.6 Hz, 1H), 7.52 (m, 1H), 7.43 (m, 2H), 7.18 (m, 1H), 7.13 (m,
2H), 6.65 (dd, J = 2.0, 8.1 Hz, 1H), 6.57 (m, 1H), 6.42 (dd, J = 1.9, 3.4 Hz, 1H), 6.34 (dd, J = 2.0, 8.1 Hz,
1H), 3.65 (br m, 2H), 3.64 (s, 2H), 3.33 (br m, 2H), 3.01 (br m, 2H), 2.83 (br m, 2H), 2.23 (br m, 2H), 2.05
(s, 2H), 1.49 (t, J = 6.3 Hz, 2H), 0.97 (s, 6H); 13C NMR (125 MHz, DMSO-d6): δ (ppm)159.7, 151.0, 146.4,
145.5, 141.7, 140.3, 135.8, 131.8, 130.3, 129.8, 128.7, 127.7, 121.7, 120.0, 118.8, 110.0, 108.1, 104.7, 99.9, 57.9,
50.8, 46.5, 45.0, 34.2, 28.7, 27.8, 24.8; IR (KBr, cm−1): 3600–3000 (stretch), 2959, 2926, 2869, 1676, 1606,
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1489, 1457, 1402, 1334, 1250, 1203, 1137, 1091, 1048, 834, 722; HRMS (ESI): m/z (M + H)+ calculated for
C32H35ClN4O: 527.2572; found: 527.2543.
Appendix A.5. Degradation Product B1
5-(N-(2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4′-chloro-5,5-dimethyl-3,4,5,6-tetrahydro-[1,1′-
biphenyl]-2-yl)methyl)piperazin-1-yl)benzoyl)sulfamoyl)-2-(tetrahydro-2H-pyran-4-yl)-1H-benzo[d]
imidazole 3-oxide (6a); tautomer: 2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4′-chloro-5,5-dimethyl-3,
4,5,6-tetrahydro-[1,1′-biphenyl]-2-yl)methyl)piperazin-1-yl)-N-((1-hydroxy-2-(tetrahydro-2H-pyran-4-
yl)-1H-benzo[d]imidazol-6-yl)sulfonyl)benzamide (6b): amorphous solid; 1H NMR (500 MHz,
DMSO-d6): δ (ppm) 11.77 (s, 1H), 11.68 (s, 1H), 8.07–8.08 (m, 2H), 7.67 (m, 2H), 7.62 (d, J = 2.5 Hz, 1H),
7.54 (m, 1H), 7.47 (d, J = 8.9 Hz, 1H), 7.38 (m, 2H), 7.07 (m, 2H), 6.68 (dd, J = 2.3, 8.9 Hz, 1H), 6.43
(dd, J = 1.9, 3.4 Hz, 1H), 6.22 (d, J = 2.3 Hz, 1H), 3.96 (m, 2H), 3.64 (br s, 2H), 3.56 (s, 2H), 3.50 (m,
2H), 3.37 (m, 1H), 3.26 (br s, 2H), 3.02 (br s, 2H), 2.74 (br s, 2H), 2.18 (br m, 2H), 2.00 (s, 2H), 1.82–1.90
(m, 4H), 1.44 (m, 2H), 0.93 (s, 6H); 13C NMR (125 MHz, DMSO-d6): δ (ppm) 163.3, 158.1, 157.1, 153.5,
146.1, 145.6, 141.6, 140.3, 135.4, 132.9, 132.1, 131.7, 131.1, 129.7, 128.7, 127.9, 121.7, 120.6, 119.9, 119.1,
118.5, 113.5, 110.0, 109.0, 102.6, 100.1, 66.5, 58.0, 50.5, 46.6, 43.8, 34.2, 31.9, 29.9, 28.6, 27.8, 24.7; IR (KBr,
cm−1): 3600–2400 (stretch), 3311, 2958, 2926, 2860, 1675, 1609, 1533, 1432, 1405, 1349, 1261, 1202, 1171,
1137, 1103, 1070, 831, 722; HRMS (ESI): m/z (M + H)+ calculated for C45H48ClN7O6S: 850.3148; found:
850.3132.
Appendix A.6. Degradation Product B2
2-((1H-pyrrolo[2,3-b]pyridin-5-yl)oxy)-4-(4-((4′-chloro-5,5-dimethyl-3,4,5,6-tetrahydro-[1,1′-biphenyl]-
2-yl)methyl)piperazin-1-yl)-N-((4-hydroxy-3-nitrophenyl)sulfonyl)benzamide (7): 1H NMR (500 MHz,
DMSO-d6): δ (ppm) 11.77 (br s, 1H), 11.74 (s, 1H), 8.39 (d, J = 2.4 Hz, 1H), 8.06 (d, J = 2.6 Hz, 1H), 7.98
(dd, J = 2.4, 8.9 Hz, 1H), 7.60 (d, J = 2.6 Hz, 1H), 7.50–7.53 (m, 2H), 7.39 (m, 2H), 7.23 (d, J = 8.9 Hz, 1H),
7.07 (m, 2H), 6.71 (dd, J = 2.4, 9.0 Hz, 1H), 6.4dei2 (dd, J = 1.9, 3.4 Hz, 1H), 6.23 (d, J = 2.4 Hz, 1H), 3.64
(br s, 2H), 3.57 (s, 2H), 3.25 (br s, 2H), 3.01 (br s, 2H), 2.75 (br s, 2H), 2.17 (br m, 2H), 2.00 (s, 2H), 1.44
(m, 2H), 0.94 (s, 6H); 13C NMR (125 MHz, DMSO-d6): δ (ppm) 163.5, 158.1, 156.1, 153.6, 146.1, 145.6,
141.6, 140.3, 136.2, 135.4, 133.9, 132.3, 131.8, 129.8, 129.3, 128.7, 127.9, 126.1, 121.7, 119.9, 119.6, 118.3,
113.2, 109.1, 102.6, 100.0, 58.0, 50.5, 46.6, 43.8, 34.2, 28.7, 27.8, 24.8; IR (KBr, cm−1): 3600–3000 (stretch),
2956, 2924, 2867, 1675, 1609, 1533, 1488, 1432, 1405, 1349, 1261, 1203, 1171, 1137, 1103, 1070, 905, 831,
722; HRMS (ESI): m/z (M + H)+ calculated for C39H39ClN6O7S: 771.2362; found: 771.2351.
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In silico orodja za napovedovanje razgradnih produktov zdravilnih 
učinkovin – primer venetoklaksa 
 
POVZETEK 
Z in silico orodjem smo napovedovali razgradne produkte venetoklaksa, prvega zaviralca 
proteina Bcl-2 na trgu, in napovedane razgradne produkte primerjali z eksperimentalno 
določenimi. Z in silico orodjem smo uspešno napovedali tri od sedmih eksperimentalno 
določenih razgradnih produktov, ki nastajajo ob stresnih pogojih. Nismo uspeli napovedati 
produktov ciklizacije o-nitroanilinskega fragmenta, substitucije amina s hidroksilno 
skupino, ki izhaja iz dodane baze, dimerizacije venetoklaksa preko metilenskega mostička 
ob dodatku dimetil sulfoksida in sekundarne reakcije dekarboksilacije. Ker je in silico 
orodje, ki smo ga uporabljali, ekspertni sistem ki deluje na podlagi knjižnice znanja, smo pri 
napovedovanju omejeni z znanjem v knjižnici. Pri novejših molekulah, kot je venetoklaks, 
ki imajo svojevrstno strukturo, nimajo veliko znanih sorodnih učinkovin ali ni dostopnega 
znanja o njihovih razpadih, je lahko napovedna moč takih orodij nekoliko nižja, kot za 
sorodne molekule bolj poznanih struktur. 
KLJUČNE BESEDE 
In silico, stabilnost, razgradni produkti, venetoklaks 
 
ABSTRACT 
An in silico tool was used to predict degradation products of venetoclax, which is the first 
Bcl-2 inhibitor on the market, and the predicted products were compared to experimentally 
determined degradation products. Three out of seven experimentally determined degradation 
products from stress testing were predicted. The effort to predict products of cyclization of 
o-nitroaniline fragment, substitution of an amine with a hydroxyl group from the added base, 
dimerization of venetoclax through a methylene bridge with an addition of dimethyl 
sulfoxide, and a secondary reaction of decarboxylation were unsuccessful. The used in silico 
tool is an expert system, which uses a knowledge base, so the predictions are limited by the 
knowledge in the library. For newer molecules, such as venetoclax, which have a unique 





degradation is not accessible in the literature, the prediction power of such tools can prove 
to be lower than for related substances of better-known molecules. 
KEY WORDS 
In silico, stability, degradation products, venetoclax 
 
1. Uvod 
1.1. Stabilnost zdravilnih učinkovin 
Stabilnost zdravilnih učinkovin je ključna pri razvoju zdravil, saj vpliva na varnost in 
učinkovitost zdravila. Zato je za registracijo nove zdravilne učinkovine potrebna 
identifikacija signifikantnih razgradnih produktov učinkovine [1]. Razgradni produkti med 
normalnim shranjevanjem običajno nastajajo v zelo nizkih koncentracijah. Morebitne 
razgradne produkte zdravilne učinkovine tako lahko v večjih količinah pridobimo s stresnimi 
testi, kar nam pomaga pri določitvi struktur razgradnih produktov, razgradnih poti in 
stabilnosti molekule ter razvoju analitskih metod za spremljanje stabilnosti učinkovine. ICH 
smernice pravijo, da naj bi stresno testiranje vključevalo vplive povišane temperature, vlage, 
oksidacije in fotolize na učinkovino. Poleg tega naj bi se testirala tudi dovzetnost učinkovine 
za hidrolizo v raztopini ali suspenziji pri različnih pH vrednostih [2,3]. Z znanjem, ki ga 
pridobimo s stresnim testiranjem lahko postavimo ustrezno kontrolno strategijo za 
farmacevtski izdelek, ki vsebuje preučevano zdravilno učinkovino. Na primer, če 
ugotovimo, da učinkovina izkazuje veliko občutljivost na svetlobo, lahko farmacevtski 
izdelek primerno zaščitimo pred svetlobo in tako zmanjšamo razgradnjo zdravilne 
učinkovine. Prav tako nam razgradni produkti pridobljeni s stresnim testiranjem pomagajo 
pri razvoju analitskih metod za testiranje stabilnosti zdravilne učinkovine in zdravila. 
Pred izvedbo stresnih testov navadno skušamo napovedati razgradne produkte. Pomagamo 
si z literaturnimi podatki in kemijskim znanjem. Posežemo lahko tudi po napovednih 
orodjih. In silico orodja lahko napovejo razgradne produkte in nam dajo začetno sliko glede 
stabilnosti molekule ob izpostavljenosti stresnim pogojem. Poleg tega nam lahko programi 
za napovedovanje razgradnih produktov služijo za lažjo identifikacijo razgradnih produktov 






1.2. In silico orodja 
Za napovedovanje razgradnih produktov se je najprej uporabljala programska oprema za 
napovedovanje produktov organskih reakcij. Prvo tako sintezno orodje je bilo LHASA [4], 
nato pa so se razvila še druga orodja kot so CAMEO [5,6], ROBIA [7,8] in EROS [9]. Prvo 
in silico orodje specifično za napovedovanje razgradnih produktov – DELPHI [10] – je razvil 
Pfizer leta 2006. DELPHI je bil razvit na podlagi podatkovne baze podjetja in tako nikoli ni 
bil komercialno dostopen [11]. Omenjene programske opreme delujejo na podlagi baz 
znanja ali knjižnic in jim rečemo tudi ekspertni sistemi. Baze znanja vsebujejo znanja 
pridobljena v preteklosti. Ta so lahko zapisana kot pravila ali kot primeri. Pravila ali primere 
iz baze nato sistem aplicira na trenuten problem [12]. Ekspertni sistemi naj bi posnemali 
proces odločanja ljudi. 
Poleg teh so na voljo tudi taka in silico orodja, ki za napovedovanje uporabljajo matematične 
modele, vendar nobeno do danes ni komercialno dostopno [11]. 
Prvi komercialno dostopen ekspertni sistem za napovedovanje razgradnih produktov je 
Zeneth (Lhasa Limited) [13]. Razvit je bil na principu ekspertnega sistema za napovedovanje 
metabolizma – Meteor [14]. Zeneth deluje na bazi pravil kemijskih transformacij, ki so 
zapisani z Markush strukturami. Ko program prepozna strukturne vzorce v strukturi 
molekule, ki jo želimo analizirati, uporabi pravila transformacij in pretvori vnešeno strukturo 
v produkte. Ekspertni sistemi, kot je Zeneth, so zato omejeni z vsebino baze znanja iz katere 
črpajo podatke [11]. Baze je torej pomembno dopolnjevati z novim znanjem. Zeneth 
omogoča vnos lastnega, novega znanja v ločeno podatkovno bazo, ki jo lahko nato 
uporabimo pri našem napovedovanju. Tako si lahko svojo knjižnico znanja razširimo z 
novimi podatki, ki lahko izboljšajo napovedovanje razgradnih produktov. Zeneth v osnovi 
uporablja lastno bazo znanja, ki je bila ustvarjena iz prosto dostopne literature, splošnih 
kemijskih učbenikov in podatkovne baze CambridgeSoft Pharmaceutical Drug Degradation 
Database, Pharma D3. Knjižnica se počasi širi z novim znanjem, ki lahko poleg prosto 
dostopnih podatkov vsebuje tudi zaupne podatke. Ker degradacija navadno poteka na 
funkcionalnih skupinah in ni vedno odvisna od celotne strukture molekule, lahko strukturo 
preučevane molekule spremenimo v Markush strukturo in na tak način delno prekrijemo 
podatke zaupne narave, kljub temu pa podatke uporabimo za razširitev zbirke [11,13,15]. 
Zeneth kot rezultat poda drevesni diagram (Slika 1), ki vsebuje strukture razgradnih 
produktov, njihove mase, opise razgradnih poti in verjetnosti nastanka posameznih 





jih dejansko nastaja, ali nastajajo v zelo majhnih količinah. Prav tako nam ne da informacije 
o kinetiki razgradnje ali količini nastanka posameznih razgradnih produktov [11,16]. 
 
Slika 1: Primer drevesnega diagrama, ki ga kot rezultat poda program Zeneth. Verjetnosti nastanka posameznih 
razgradnih produktov so barvno označene. Prikazana sta dva koraka razgradnje. Nadaljevanje korakov je 
prikazano s črtkanimi črtami. D1 – D12 so razgradni produkti vnesene strukture, ki je prikazana na vrhu 
drevesnega diagrama.  
 
1.3. Primeri uporabe in silico orodij za napovedovanje razgradnih produktov 
Kleinman et al. so leta 2014 objavili članek, kjer so testirali zmožnost napovedi razgradnih 
produktov s programom Zeneth [16]. Testirali so 27 zdravilnih učinkovin, ki so male 
molekule. Uporabljali so različne knjižnice znanja programa Zeneth skozi leta, od 2009 
naprej, in tako ovrednotili razvoj napovedi skozi razvoj baze podatkov. Testirali so predvsem 
občutljivost programa – število eksperimentalno opaženih razgradnih produktov, ki jih je 
napovedal tudi Zeneth. Napovedane razgradne produkte so primerjali z eksperimentalno 
pridobljenimi skozi stresne teste, pospešene študije stabilnosti in dolgoročne študije 
stabilnosti. Ugotovili so, da se napovedna moč in silico orodja Zeneth skozi leta veča, skupaj 
s posodobitvijo knjižnice znanja. Od leta 2009 do 2012 se je povprečni delež ujemajočih 
napovedanih razgradnih produktov z eksperimentalno pridobljenimi (pravilno napovedani) 
povečal iz 31% na 54%. Z najnovejšo verzijo podatkovne baze, ki so jo uporabili, je Zeneth 
za 4 učinkovine napovedal vse eksperimentalno pridobljene razgradne produkte. Za 5 
učinkovin, je bila napoved precej slaba – napovedanih je bilo manj kot 30% razgradnih 
produktov pridobljenih s stabilnostnimi testi. Za izvedbo študije so omejili število korakov 





eksperimentalno pridobljenih razgradnih produktov 97 produktov napovedali znotraj 
izbranih parametrov. S povečavo korakov na štiri in povečavo števila napovedanih 
razgradnih produktov na 1000 so uspeli napovedati še 7 dodatnih razgradnih produktov. 
Najpogosteje je bil vzrok pomanjkanja napovedi razgradnega produkta pomanjkanje 
transformacije v knjižnici znanja. Napovedi produktov epimerizacij, N-dealkilacij N-
alkilheteroaromatskih spojin, dekarboksilacij pod vplivom svetlobe in elektrocikličnih 
reakcij so bile najbolj pomanjkljive. Nekaj razgradnih produktov ni bilo napovedanih zaradi 
preozko nastavljenih parametrov (daljša razgradna pot in interakcije z nečistotami 
ekscipientov ali protiioni). Vključitev interakcij z ekscipienti in njihovimi nečistotami je bila 
od izvedbe študije dodana v program Zeneth. Z novejšo verzijo bi tako lahko napovedali še 
6 razgradnih produktov, ki so produkt interakcij z ekscipienti, njihovimi nečistotami ali 
protiioni. S študijo so pokazali pomen širjenja podatkovne zbirke in izpostavili možnosti 
izboljšav programa Zeneth, kot sta razširitev aplikacije posameznih transformacij ter 
združitev korakov znotraj posamezne transformacije za bolj učinkovito napoved primarnih 
razgradnih produktov. 
Torres et al. so Zeneth uporabili v študiji, kjer so primerjali uporabo elektrokemične 
oksidacije s stresnimi testi, pospešenimi stabilnostnimi testi in in silico napovedmi za 
pridobitev oksidacijskih razgradnih produktov molekule (2S,3S)-2-(difenilmetil)-N-[2-
metoksi-5-(propan-2-il)benzil]-1-azabiciklo[2,2,2]oktan-3-amina, znanega tudi pod 
imenom ezlopitant [17]. Uporabili so Zeneth 6.0 s knjižnico znanja iz leta 2014. Iskali so 
oksidacijske produkte ezlopitanta pri različnih pH vrednostih in pod povišano temperaturo 
(80 °C). Število napovedanih razgradnih produktov so omejili na 400 in število korakov na 
en korak. Zeneth je napovedal 18 oksidacijskih razgradnih produktov ezlopitanta. Pet izmed 
napovedanih razgradnih produktov ezlopitanta so eksperimentalno pridobili s pospešenim 
stabilnostnim testiranjem. Tri izmed teh so uspešno pridobili tudi z elektrokemično 
oksidacijo. Zeneth je uspešno napovedal vse razgradne produkte ezlopitanta, ki so nastajali 
pri pospešenem stabilnostnem testiranju. Z elektrokemično oksidacijo so pridobili veliko 
število razgradnih produktov, ki jih in silico orodje ni napovedalo prav tako se niso pojavili 
pri pospešenem stabilnostnem testiranju. To jih ni presenetilo, saj knjižnica znanja ne 
vsebuje elektrokemičnih oksidacijskih poti, kar predstavlja možnost izboljšave programa 
Zeneth oziroma njegove knjižnice znanja.  
Na področju in silico napovedovanja razgradnih produktov je malo prosto dostopne 





hiter vpogled v stabilnost zdravilne učinkovine in za pomoč pri določevanju struktur 
razgradnih produktov. Navadno ni v interesu farmacevtskih podjetij, da te podatke 
razkrijejo, tako ni moč najdi večjega števila prosto dostopnih člankov z omenjeno vsebino. 
Prav tako je Zeneth trenutno edini komarcialno dostopen sistem za napovedovanje 
razgradnih produktov.  
 
2. Materiali in metode 
Eksperimentalne razgradne produkte venetoklaksa smo pridobili v okviru stabilnostne 
raziskave [18]. In silico napovedovanje razgradnih produktov smo izvedli s programsko 
opremo Zeneth (verzija 7, Lhasa Limited, Leeds, Združeno kraljestvo). 
2.1. In silico napovedovanje razgradnih produktov venetoklaksa 
Izvedli smo več napovedi razgradnje venetoklaksa. Pri napovedovanju smo omejili število 
napovedanih produktov na največje možno število, kar je bilo 1000 razgradnih produktov. 
Verjetnost nastanka razgradnih produktov smo omejili na dvoumno, kar pomeni, da 
napovedi zajemajo razgradne produkte katerih verjetnosti nastanka so ocenjene z zelo 
verjetno, verjetno ali dvoumno. Število korakov smo omejili na 4. Napovedali smo razgradne 
produkte venetoklaksa v raztopini v kislih, nevtralnih in bazičnih pogojih pri 50 °C ob 
prisotnosti vode, kisika, kovin, radikalskega iniciatorja, peroksida in svetlobe. Temperaturo 
smo izbrali glede na temperaturo, pri katerih smo izvajali degradacijske študije venetoklaksa. 
Pri nadaljnjih napovedih smo vključili še prisotnost formaldehida ali dimetil sulfoksida. 
 
3. Rezultati in razprava 
Pri vseh eksperimentalnih pogojih in silico napovedi smo presegli maksimalno število 
napovedanih razgradnih produktov. To nam je dalo vedeti, da molekula venetoklaksa (1) 
(Slika 2) vsebuje funkcionalne skupine in dele molekul, ki lahko potencialno vstopajo v 
številne reakcije. Po začetni oceni stabilnosti molekule venetoklaksa smo napovedane 






Slika 2: Molekulske strukture venetoklaksa (1) (zgoraj) in njegovih eksperimentalno določenih razgradnih 
produktov pridobljenih s stresnimi testi [18]. V zelenem okvirju so razgradni produkti, ki smo jih uspeli 
napovedati z in silico pristopom. V rdečem okvirju so eksperimentalno določeni razgradni produkti, ki jih 
Zeneth ni napovedal. 
 
3.1. Nevtralni pogoji 
V raztopini pri nevtralnem pH in povišani temperaturi 50 °C je Zeneth napovedal dva od 
eksperimentalno pridobljenih produktov: sulfonamidni razgradni produkt (2) in oksidacijski 
razgradni produkt (3) (Slika 2). Sulfonamidni produkt (2) je napovedal kot rezultat več 
različnih reakcij, ki so bile primarne ali sekundarne. Primarno reakcijo, ki izhaja iz molekule 





sekundarne reakcije pa so izhajale iz drugih napovedanih razgradnih produktov in so bile 
označene kot N-aciliranje amina, hidroksilamina ali hidrazina ali kot O-aciliranje alkohola. 
Sulfonamidni razgradni produkt (2) sicer najverjetneje nastaja kot produkt hidrolize N-
acilsulfonamidne vezi. Ta vez najverjetneje ni prisotna v bazi podatkov iz katere je Zeneth 
črpal podatke, vendar je aminski del N-acilsulfonamidne vezi prepoznal kot amin ali 
hidroksilamin in skladno s tem uporabil reakcije povezane s tako vezjo. Na ta način je 
uspešno napovedal sulfonamidni razkrojni produkt (2), ki nastaja, ni pa napovedal 
kislinskega produkta (4), ki nastane pri hidrolizi N-acilsulfonamidne vezi. Hidroliza N-
acilsulfonamidne vezi je bila eksperimentalno opažena v kislih pogojih in v manjši meri v 
bazičnih pogojih. Oksidacijski produkt (3) je Zeneth napovedal, saj smo pri pogojih označili 
prisotnost kisika in peroksida. Oksidacija dušika na piperazinskem obroču je bila tudi 
eksperimentalno določena. 
3.2. Kisli pogoji 
V raztopini pri kislem pH in povišani temperaturi 50 °C je Zeneth napovedal dva od 
eksperimentalno določenih razgradnih produktov: sulfonamidni razgradni produkt (2) in 
kislinski fragment (4) (Slika 2). Tudi tukaj Zeneth napove enake reakcije nastanka 
sulfonamidnega razgradnega produkta (2), kot pri nevtralnih pogojih. Kislinski razgradni 
produkt (4) napove kot produkt sekundarne reakcije (Slika 3). Zeneth ni napovedal 
sekundarnega dekarboksiliranega produkta (5), ki nastane z dekarboksilacijo iz kislinskega 
fragmenta, ki smo ga eksperimentalno pridobili s stresnimi testi. 
 
Slika 3: Napovedan nastanek kislinskega fragmenta (4). Zeneth napove nastanek kislinskega fragmenta iz 





3.3. Bazični pogoji 
V raztopini pri bazičnem pH in povišani temperaturi 50 °C je Zeneth napovedal sulfonamidni 
razgradni produkt (2), oksidacijski razgradni produkt (3) in kislinski fragment (4) (Slika 2). 
Napovedane razgradne poti so bile enake kot pri nevtralnih in kislih pogojih. 
Eksperimentalno smo hidrolizo N-acilsulfonamidne vezi, kjer nastajata sulfonamidni 
razgradni produkt in kislinski fragment, opazili tudi v bazičnih pogojih, vendar v precej 
manjšem obsegu kot v kislih pogojih. Zeneth ni napovedal ciklizacije o-nitroanilinskega 
fragmenta, kjer nastane (6) in substitucije aminske skupine s hidroksilno skupino, ki izvira 
iz dodane baze, kjer nastaja (7) (Slika 2). Pomanjkanje reakcij ciklizacij v knjižnicah znanja 
so izpostavili že Kleinman et al. [16]. Substitucija aminske skupine s hidroksilno skupino 
najverjetneje ni bila vključena med napovedi, saj Zeneth pri napovedi ne upošteva prisotnosti 
hidroksilne skupine v bazičnem okolju. Res je, da ob dodatku drugačne baze, na primer 
amonijaka, ne bi imeli na voljo hidroksilne skupine za substitucijo. V tem primeru ne bi 
dobili tega produkta. Prav tako Zeneth ni napovedal dimera venetoklaksa (9), kjer se 
povežeta dve molekuli venetoklaksa preko metilenskega mostička ob prisotnosti dimetil 
sulfoksida ali formaldehida. Ta produkt je sicer eksperimentalno nastajal tako v bazičnem 
kot kislem območju. 
Skupno je Zeneth napovedal tri izmed sedmih eksperimentalno določenih razgradnih 
produktov (43 %) (Slika 2). Od tega je le dva izmed razgradnih produktov napovedal po 
pravilni razgradni poti. Splošno pa je Zeneth za molekulo venetoklaksa predvidel več kot 
1000 razgradnih produktov pod posameznimi pogoji. Napovedi, ki jih dobimo z in silico 
orodjem sicer ponujajo hiter vpogled v stabilnost molekule, vendar pa lahko dejanske 
razgradne produkte hitro izgubimo v množici napovedanih produktov. Pri uporabi in silico 
orodij za napovedovanje razgradnih produktov smo omejeni s knjižnico znanja. Venetoklaks 
je relativno nova molekula. Je prvi in edini Bcl-2 inhibitor na trgu. Najdemo lahko nekaj 
strukturno sorodnih spojin, kot so navitoklaks, ABT-737, S44563, AZD4320, BM-903, BM-
1197. Večina jih je raziskovalnih zdravilnih učinkovin, katerih stabilnost ni široko opisana 
v literaturi. Prav to je najverjetneje razlog, da kar nekaj eksperimentalno pridobljenih 
razgradnih produktov program Zeneth ne napove. S širjenjem knjižnice znanja lahko 







 Z digitalnim razvojem prihaja do uvedbe novih računalniških orodij na vseh področjih. Med 
njimi je tudi farmacija in razvoj zdravil. Mnoga računalniška orodja so že dodobra uvedena 
v proces razvoja zdravil vse od iskanja novih zdravilnih učinkovin do razvoja procesov 
proizvodnje zdravil. Področje stabilnosti zdravil ali natančneje razgradnje zdravilnih 
učinkovin se na tem področju šele dodobra razvija. Leta 2014 je na trg prišel prvi 
komercialno dostopen ekspertni sistem za napovedovanje razgradnih produktov organskih 
molekul – Zeneth [13]. Kljub temu, da je program na trgu že pet let, pa je prosto dostopne 
literature na tematiko in silico napovedovanja razgradnih produktov zelo omejeno. 
Večinoma farmacevtska podjetja zaradi konkurenčnosti na trgu ne želijo razkriti teh 
podatkov, ko so še v fazi razvoja. Z leti lahko pričakujemo porast aplikacije in silico orodij 
na področju razgradnje zdravilnih učinkovin in posledično tudi več dostopne literature. 
Uvedba in silico orodij omogoča hitrejši razvoj zdravil in boljše razumevanje stabilnosti 
zdravilnih učinkovin in produktov, kar lahko vpliva na kakovost, varnost in nižjo ceno 
zdravil. 
Zeneth je, kot ekspertni sistem, omejen s knjižnico znanja, ki jo uporabljamo. Tako v veliko 
primerih ne napove vseh eksperimentalno pridobljenih razgradnih produktov [16,17]. Na 
primeru venetoklaksa smo uspeli z in silico orodjem uspešno napovedati tri od sedmih 
eksperimentalno določenih razgradnih produktov. Poleg teh treh, je bilo napovedanih še 
ogromno produktov, ki jih eksperimentalno nismo opazili. Vidimo, da in silico orodja ne 
morejo zamenjati eksperimentalni poskusov, vendar pa lahko služijo kot dobra iztočnica za 
hiter vpogled v stabilnost molekule in pripomorejo pri identifikaciji nekaterih 
eksperimentalno pridobljenih razgradnih produktov.  
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Na začetku doktorskega študija smo naredili pregled dostopne literature na temo 
venetoklaksa. Odločili smo se, da venetoklaks predstavimo skozi pregled patentne literature 
v obliki preglednega znanstvenega članka, ki je predstavljen v uvodnem poglavju. Tematike 
stabilnosti venetoklaksa smo se želeli lotiti na nov in inovativen način z uporabo novih 
pristopov, kot sta in silico napovedovanje razgradnih produktov in razvoj stabilnostno 
indikativnih metod z uporabo AQbD principov. Pregled področja AQbD in najnovejše 
aplikacije smo povzeli v preglednem raziskovalnem članku, ki dopolnjuje uvodno poglavje. 
Pregled literature in razvoj in silico napovedovanja razkrojnih poti zajema uvod članka, ki 
predstavlja tretje poglavje.  
Eksperimentalnega dela smo se lotili z izvedbo stresnih testov. Vzorce stresnih testiranj smo 
uporabljali za razvoj analizne metode za določanje venetoklaksa in njegovih razgradnih 
produktov. Potek razvoja analizne metode je predstavljen v prvem poglavju. Določili smo 
tarčni profil analizne metode (ATP), kjer smo določili željene cilje za analizno metodo, kot 
so točnost, ponovljivost in specifičnost.  
V literaturi ni bilo moč najti kakršnekoli analizne metode za venetoklaks in njegove 
razgradne produkte. Odločili smo se za tehniko tekočinske kromatografije (LC) v reverzno-
faznem načinu. Za detekcijo smo izbrali absorbanco UV, sicer pa smo metodo razvijali tako, 
da je omogočena tudi uporaba masnega detektorja (MS). Tehnika LC je najpogosteje 
uporabljena tehnika za določevanje razgradnih produktov zdravilnih učinkovin, saj omogoča 
hkratno določitev več analitov v vzorcu.  
Razvoja smo se lotili s principom spreminjanja enega faktorja naenkrat (OFAT). S tem 
pristopom smo dobili začetne informacije o lastnostih venetoklaksa in njegovo obnašanje pri 
reverzno-fazni LC. Testirali smo tipe stacionarnih faz in uporabo različnih delcev 
stacionarnih faz, organske komponente mobilnih faz, pufre in pH pufrov mobilnih faz, 
gradiente mobilnih faz, pretoke mobilnih faz in temperature kromatografske kolone oz. 
stacionarne faze. Končno izbiro kromatografske kolone in tipa organske komponente 
mobilne faze smo naredili s pomočjo načrtovanja eksperimentov (DoE), kjer smo izvedli 
eksperimente s hkratnim spreminjanjem več parametrov analizne metode med katere smo 






Sledila je ocena tveganja, kjer smo na podlagi izkušenj pridobljenih v fazi začetnega 
testiranja ocenili kritičnost posameznih parametrov analizne metode in določili kritične 
parametre metode (CMP). V okviru ocene tveganja smo definirali tudi kritične odzive 
metode (CMA), ki so bili resolucija venetoklaksa (Rv), kritična resolucija med razgradnima 
produktoma B1 in B2 (Rc1), ki nastajata pod bazičnimi pogoji in kritična resolucija med 
razgradnima produktoma B2 in A2 (Rc2). Razgradni produkt A2 nastaja v kislih pogojih in 
v manjši meri v bazičnih pogojih.  
Razvoj smo nadaljevali z načrtovanimi eksperimenti (DoE), kjer smo spreminjali več 
parametrov hkrati in na ta način opazovali skupne vplive parametrov na odzive analizne 
metode. Metodo smo z vsakim novim DoE optimizirali. Po optimizaciji metode smo v DoE 
vključili vse CMP in gledali njihove vplive na CMA. Postavili smo računske modele 
analizne metode, s katerimi lahko napovemo rezultat analizne metode ob načrtni spremembi 
posameznega parametra ali vseh parametrov analizne metode. Računske modele analizne 
metode smo statistično ovrednotili. Na ta način smo dobili območje analizne metode, znotraj 
katerega dosežemo željene vrednosti CMA.  
Uporabili smo simulator robustnosti, ki izvede Monte Carlo simulacije eksperimentov z 
variiranjem parametrov. V simulator robustnosti vnesemo variacije parametrov, ki jih lahko 
pričakujemo ob vsakodnevni uporabi analizne metode. Območje analizne metode, znotraj 
katerega dosegamo željene rezultate se nam na ta način zmanjša in dobimo robustno območje 
analizne metode. Znotraj robustnega območja smo definirali operativno območje metode 
(MODR). Določili smo delovno točko znotraj MODR in napovedane rezultate v tej točki 
primerjali z eksperimentalnimi. Metodo smo v delovni točki kvalificirali in potrdili, da 
metoda dosega ATP. 
Pred razvojem naše analizne metode za venetoklaks, v literaturi ni bilo objavljene nobene 
metode LC-UV za venetoklaks ali njegove sorodne snovi. Edine analizne metode za analizo 
venetoklaksa, ki jih je bilo prej mogoče najti, so bile metode LC-MS za analizo kliničnih 
vzorcev, ki so omogočale analizo venetoklaksa ali nekaterih njegovih metabolitov ob 
uporabi devteriranega standarda venetoklaksa. Objavljena analizna metoda je prva 
stabilnostno indikativna metoda za venetoklaks. Metoda uspešno ločuje venetoklaks in 
njegove razgradne produkte. Uporaba tehnike LC-UV omogoča širšo uporabnost analizne 
metode, kljub temu je razvita analizna metoda združljiva z detektorjem MS. Študija je 





vzorcev, saj je predstavljena uporaba stresnih vzorcev skozi celoten AQbD proces. 
Večinoma se stresni vzorci pri razvoju stabilnostno indikativnih metod z uporabo AQbD 
testirajo šele na koncu razvoja, kjer se potrjuje primernost analizne metode za meritve 
stabilnosti, s tem ne dobimo pomembnih informacij glede vpliva parametrov na razgradne 
produkte. 
Stresno testiranje je podrobneje opisano v drugem poglavju. Stresne teste smo izvajali v 
raztopini venetoklaksa. Za pridobitev raztopine smo dodajali DMSO, saj je venetoklaks zelo 
slabo topen v vodi. Najprej smo testirali občutljivost venetoklaksa na stresne pogoje z 
dodatkom 0.1 M HCl, 1 M HCl, 0.1 M NaOH, 1 M NaOH, 0,3% H2O2, 3% H2O2 in FeCl3 
vse ob povišani temperaturi 50 °C. Testirali smo tudi občutljivost ob izpostavljenosti 
svetlobi pri valovnih dolžinah 300 – 800 nm s Suntestom. Ti vzorci so bili uporabljeni pri 
začetnih testih razvoja analizne metode, opisanih v prvem poglavju. Ta stresna testiranja 
smo nekajkrat ponovili, da smo optimizirali pogoje in pridobili vzorce za razvoj analizne 
metode. Spreminjali smo čas testiranja od 3 do 7 dni. Še vedno so se pojavljale težave s 
topnostjo, zato smo začeli pripravljati osnovno raztopino venetoklaksa v DMSO, kateri smo 
dodajali vodne raztopine stresnih medijev. Ocenili smo občutljivost venetoklaksa pod 
posameznimi pogoji.  
Sledila je 14 dnevno študija, kjer smo se osredotočili na ostrejše stresne pogoje, da bi 
pridobili čim večjo količino razgradnih produktov. Raztopino venetoklaksa smo izpostavili 
sobni temperaturi, povišani temperaturi (50 °C), 1 M HCl pri 50 °C, 1 M NaOH pri 50 °C, 
3% H2O2 pri 50 °C in radikalskemu iniciatorju 4,4'-azobis(4-cianovalerični kislini) (ACVA) 
pri 50 °C. Spremljali smo vsebnost venetoklaksa in razgradnih produktov pod posameznimi 
pogoji skozi čas. Venetoklaks je kazal največjo občutljivost pod kislimi in bazičnimi pogoji 
ter delno pod oksidacijskimi pogoji ob dodatku H2O2. S to študijo smo natančneje določili 
razgradne produkte, ki nastajajo v večji koncentraciji, prav tako smo ocenili v kateri časovni 
točki dobimo čim več razgradnih produktov, ki smo jih ocenili za glavne primarne razgradne 
produkte in čim manj sekundarnih razgradnih produktov, ki lahko nastajajo iz primarnih. 
Osredotočili smo se na razgradne produkte, ki so nastajali ob dodatku HCl in NaOH, kjer je 
v 7 dneh razpadlo vsaj 10 % venetoklaksa. 
Pripravili smo večje količine stresnih vzorcev ob dodatku HCl in NaOH pri povišani 
temperaturi za izolacijo razgradnih produktov. Iz stresnih vzorcev smo najprej odstranili 





kromatografijo. DMSO smo odstranjevali z destilacijo, ki pa je kljub zelo nizkemu tlaku 
zahtevala precej povišano temperaturo. S tem smo izgubili nekaj razgradnih produktov, ki 
smo jih želeli izolirati. Drugič smo se lotili odstranjevanja DMSO z večkratno ekstrakcijo z 
organskimi topili. Vzorce smo najprej ločevali z normalno-fazno Flash kromatografijo, kjer 
smo nanašali suhe vzorce. Tam smo na grobo ločili venetoklaks in razgradne produkte. Nato 
smo zbrane frakcije nadalje ločevali s preparativno reverzno-fazno HPLC. Za namene 
ločevanja smo razvili dve preparativni HPLC metodi, ki sta se razlikovali v uporabljenem 
gradientu. Zaradi slabe topnosti venetoklaksa smo bili primorani nanašati zelo majhne 
količine venetoklaksa pri posameznem ločevanju. Izolacija razgradnih produktov se je zato 
izkazala za zelo časovno zahteven korak. Iz frakcij smo nato odstranili topila. Izolirane 
produkte smo nato analizirali z NMR, HRMS in DSC. Suhe produkte smo zmešali s KBr in 
stisnili v tablete za IR analize. S pomočjo analiz smo določili strukture šestih izoliranih 
razgradnih produktov.  
Pri dodatku H2O2 pri 50 °C sicer venetoklaks ni razpadel v zelo povišanem obsegu. Razpadlo 
je manj kot 10 % venetoklaksa v 7 dneh. Vendar je večinoma nastajal le en razgradni 
produkt. Tako je bilo tega produkta v vzorcu kar okoli 2,6 %. Na trgu smo uspeli pridobiti 
substanco, za katero smo predvidevali, da nastaja pod temi pogoji. To substanco smo 
primerjali z razgradnim produktom v stresnem vzorcu z uporabo LC-UV-MS analitike. Tako 
UV kot MS spektra sta se ujemala, prav tako sta se pri spremembi kromatografskih pogojev 
substanci enako obnašali. Na podlagi teh analiz smo potrdili strukturo oksidacijskega 
razgradnega produkta. 
S pomočjo struktur izoliranih razgradnih produktov venetoklaksa smo določili glavne 
kemizme razgradnje venetoklaksa pod stresnimi pogoji v raztopini. Poleg pričakovanega 
razpada N-acilsulfonamidne vezi in oksidacije dušika na piperazinskem obroču je nastalo 
nekaj razgradnih produktov, ki na prvi pogled niso bili tako očitni. Ob dodatku NaOH je 
prišlo do nukleofilne aromatske substitucije (SNAr) amina na 2-nitro-substituiranem benzenu 
s hidroksilno skupino NaOH. Enostaven, vendar ne predviden produkt, saj velikokrat ne 
pomislimo na možno prisotnost dodatnih reaktivnih struktur, ki lahko vstopajo v reakcije 
pod stresnimi pogoji, kot je v tem primeru NaOH. Omenjen amin na 2-nitro-substituiranem 
anilinskem obroču smo sicer opazili kot možno mesto za reakcije, vendar nismo predvidevali 
substitucije s hidroksilno skupino. Podobno nismo takoj predvideli dimera venetoklaksa, ki 
povezuje dve molekuli venetoklaksa z metilenskim mostičkom. Tudi tukaj vstopa v reakcijo 





reagira s prisotnim DMSO v topilu. Na podoben način bi se lahko tvoril metilenski mostiček 
ob prisotnosti formaldehida ali metanola. DMSO ali metanol sta lahko v formulaciji prisotna 
kot residualni topili, ki izhajata iz sinteze venetoklaksa. Dodatno se lahko tvori formaldehid 
pri uporabi pomožnih snovi, kot so polietilen glikol, polietilen oksid ali poloksamer, pri 
izdelavi farmacevtskega produkta. Omenjene pomožne snovi so občutljive na razpad z 
molekularnim kisikom, ob čemer lahko tvorijo formaldehid. Pod bazičnimi pogoji je nastal 
tudi produkt ciklizacije o-nitroanilinskega fragmenta – benzoimidazol N-oksid. Ciklizacije 
so reakcije, katerih na prvi pogled velikokrat ne predvidimo. Določili smo še en sekundarni 
razgradni produkt, ki nastaja iz kislinskega fragmenta, produkta hidrolize N-
acilsulfonamidne vezi. Kislinski razgradni produkt se pri kislih pogojih pri 50 °C 
dekarboksilira. Reakcije dekarboksilacije so odvisne od pH, temperature in ionske jakosti 
ter lahko potekajo v različnih topilih. 
Poleg omenjenih stresnih testiranj smo izvajali še stresne teste v diklorometanu z dodatkom 
katalizatorja faznega prenosa in 1 M HCl ali 1 M NaOH. Te teste smo izvajali na magnetnem 
mešalu, kjer smo konstantno mešali fazi za povečavo stika med vodno in organsko fazo. Na 
ta način nismo uspešno pridobili razgradnih produktov. Dodatno smo izvajali še stresne teste 
pri različnih temperaturah (sobna temperatura, 40 °C, 50 °C in 60 °C) tako v raztopini z 
DMSO kot v vodni suspenziji venetoklaksa ob dodatku 1 M HCl ali 1 M NaOH. V vodni 
suspenziji skoraj ni nastalo razgradnih produktov pri nobeni temperaturi. V raztopini z 
dodatkom DMSO se pri sobni temperaturi venetoklaks začne obarjati, po dodatku stresnih 
raztopin je namreč končna sestava topila DMSO : voda = 1 : 1 (v/v). Pri 40 °C dobimo manj 
razgradnih produktov, pri 60 °C pa nekoliko več. Pri 60 °C smo opazili tudi manjše količine 
večjega števila dodatnih razgradnih produktov, predvsem ob dodatku kisline. S temi testi 
nismo bili uspešni pri pridobitvi večje količine glavnih primarnih razgradnih produktov. 
Izvedli smo tudi stresni testi z dodatkom 3% H2O2 pri sobni temperaturi, da bi videli ali 
povišana temperatura vpliva na stabilnost peroksida. Pri sobni temperaturi se je ob dodatku 
peroksida razgradilo manj venetoklaksa kot pri povišani temperaturi 50 °C. 
Skupno smo določili sedem razgradnih produktov venetoklaksa, ki so nastajali pod stresnimi 
pogoji v raztopini venetoklaksa. Prej v znanstveni kot patentni literaturi ni bilo moč najti 
zapisov o razgradnih produktih venetoklaksa. Tri določene strukture so znane kot sintezne 
nečistote ali intermediati sinteze venetoklaksa. To sta razgradna produkta, ki nastaneta pri 
hidrolizi N-acilsulfonamidne vezi – sulfonamidni produkt in kislinski fragment ter 





nove strukture, ki jih v literaturi nismo našli. Študija omogoča vpogled v stabilnost 
venetoklaksa pod stresnimi pogoji in njegov kemizem razgradnje. Novo znanje lahko 
pripomore pri razvoju zdravil, ki vsebujejo venetoklaks. Venetoklaks je zdravilna 
učinkovina, ki izkazuje dobre rezultate pri kombinacijskih terapijah, kar smo opisali v 
uvodnem poglavju. Zaradi tega je verjetnost za razvoj kombinacijskih farmacevtskih 
produktov velika. Prav tako je pridobljeno novo znanje aplikativno na sorodne molekule, 
katerih strukture vsebujejo enake funkcionalne skupine. Venetoklaks je trenutno edina 
registrirana učinkovina v terapevtski skupini zaviralcev proteina Bcl-2. Pričakujemo lahko 
razvoj novih sorodnih učinkovin, kjer bo znanje glede obnašanje venetoklaksa pod stresnimi 
pogoji koristilo pri razvoju. 
Tretje poglavje doktorske disertacije zajema tematiko in silico napovedovanja razgradnih 
produktov. Z in silico orodjem za napovedovanje razgradnih produktov smo skušali 
napovedati razgradne produkte venetoklaksa. Že pred izvedbo stresnih testov smo 
napovedovali razgradne produkte, kjer smo se osredotočili na tri pH območja – kislo, 
nevtralno in bazično. Ker niti nismo vedeli kaj pričakovati, smo uporabili predlagane 
nastavitve, kjer je število produktov omejeno na 400 in število korakov na dva koraka. 
Omejili smo se na zelo verjetne in verjetne razgradne produkte. V vseh treh področjih je bilo 
število napovedanih razgradnih produktov preseženo. Tako smo dobili približno oceno glede 
števila napovedanih razgradnih produktov venetoklaksa, ki jih lahko pričakujemo.  
Po izvedbi stresnih testov in določitvi struktur smo ponovno uporabili in silico orodje za 
napovedovanje razgradnih produktov. Tokrat smo pogoje nastavili tako, da so se ujemali s 
pogoji uporabljenimi pri stresnem testiranju. Število napovedanih produktov smo nastavili 
na maksimalno število, kar je 1000 produktov. Povečali smo število korakov na štiri in 
verjetnost nastanka razširili, tako da so napovedi vsebovale tudi razgradne produkte, ki so 
bili ocenjeni z dvoumno verjetnostjo. Z razširitvijo nastavitev smo želeli napovedati čim 
večje število produktov, ki smo jih eksperimentalno določili. Ta študija je opisana v tretjem 
poglavju. 
Z in silico orodjem smo uspešno napovedali le tri izmed eksperimentalno določenih 
produktov. To so bili trije produkti, ki so bili že nam na pogled najbolj očitni in sicer 
produkta, ki nastaneta pri hidrolizi N-acilsulfonamidne vezi ter oksidacijski produkt. In silico 
orodja, ki delujejo na podlagi knjižnic znanja so omejena z znanjem, ki je zajeto v knjižnicah. 





bi verjetno bila pri učinkovinah, ki imajo poznane sorodne učinkovine. Knjižnica znanja, ki 
je bila uporabljena za napovedovanje, je knjižnica, ki jo proizvajalec ponuja skupaj z in silico 
orodjem. Proizvajalec širi knjižnico znanja z novim znanjem, ki je prosto dostopno v 
literaturi. Z znanjem, ki smo ga objavili v drugem poglavju smo tako prispevali k dopolnitvi 
nove verzije knjižnice znanja, ki bo v prihodnosti dostopna. Možna je tudi uporaba lastne 
knjižnice znanja, ki jo lahko sami poljubno širimo z znanjem. Napovedna moč in silico 
orodij, ki delujejo na podlagi knjižnic znanja se tako skozi čas povečuje skupaj z velikostjo 
knjižnice znanja. Zaenkrat nam ta orodja omogočajo začetni vpogled v stabilnost molekule 
in v nekaterih primerih pomoč pri določitvi struktur razgradnih produktov na podlagi 
analiziranih mas molekul. 
Na področju in silico napovedovanja je zelo malo prosto dostopne literature. Stabilnostne 
študije, ki jih izvajajo farmacevtska podjetja so večinoma poslovna skrivnost in ne rezultirajo 
v prosto dostopnih znanstvenih objavah. Poleg tega je na trgu trenutno le eno in silico orodje 
za napovedovanje razgradnih produktov zdravilnih učinkovin. Sicer se za in silico 
napovedovanje razgradnih produktov lahko uporabljajo tudi orodja, ki sicer napovedujejo 
kemijske reakcije, vendar njihovo delovanje ni specifično osredotočeno na reakcije 
razgradnje. S tem raziskovalnim delom smo razširili dostopno literaturo na temo in silico 
napovedovanja, poleg tega ocenili njegovo uporabnost na primeru novejše molekule, kot 
tudi opozorili na nekatere omejitve in pomanjkljivosti in silico orodja. 
Predstavljeno delo v sklopu doktorske disertacije zajema začetek celostne stabilnostne 
obravnave venetoklaksa. Novo znanje na področju stabilnosti in nova stabilnostno 
indikativna analizna metoda za venetoklaksa omogočata hitrejši razvoj zdravil, ki vsebujejo 








• Venetoklaks je relativno nova zdravilna učinkovina. Je edina registrirana zdravilna 
učinkovina na trgu, ki deluje kot inhibitor proteina Bcl-2. S tem je povezana tudi 
njegova edinstvena molekulska struktura in obnašanje pod stresnimi pogoji.  
• Venetoklaks je občutljiv na kislinske, bazične in oksidacijske pogoje v raztopini ob 
dodatku DMSO pri povišani temperaturi 50 °C. V kislih pogojih nastajajo štirje 
glavni razgradni produkti, v bazičnih pogojih nastajajo trije glavni razgradni 
produkti, od tega je en enak enemu izmed kislinskih razgradnih produktov, pod 
oksidacijskimi pogoji nastaja en glavni razgradni produkt. 
• Identificirali smo sedem glavnih razgradnih produktov venetoklaksa. Štiri izmed tega 
so popolnoma nove strukture, do zdaj še neopisane v literaturi. Določili smo glavne 
razgradne poti venetoklaksa pod stresnimi pogoji v raztopini. 
• In silico napovedovanje razgradnih produktov nam v začetku razvoja lahko služi kot 
dobra iztočnica za ocenjevanje stabilnost zdravilne učinkovine. Rezultati in silico 
napovedovanja nam lahko pomagajo pri določevanju struktur razgradnih produktov 
na podlagi njihovih eksperimentalno določenih mas.  
• In silico orodja so omejena s knjižnicami znanja. Napovedna moč novejših zdravilnih 
učinkovin, ki nimajo znanih sorodnih učinkovin, je tako slabša zaradi pomanjkanja 
transformacij v knjižnici znanja. Predvsem se kaže pomanjkanje ciklizacij in reakcij, 
ki potekajo ob prisotnosti pomožnih snovi. Uporabljeno In silico orodje je uspešno 
napovedalo tri izmed sedmih eksperimentalno določenih razgradnih produktov 
venetoklaksa. Objavljeni rezultati s strukturami eksperimentalno določenih 
razgradnih produktov venetoklaksa lahko pripomorejo k širjenju knjižnice znanja in 
silico orodij za napovedovanje razgradnih produktov. 
• Z razvito stabilnostno indikativno analizno metodo za venetoklaks lahko določujemo 
koncentracijo venetoklaksa ob prisotnosti glavnih razgradnih produktov. Analizna 
metoda uspešno ločuje venetoklaks in njegove razgradne produkte. Tako je 
omogočeno tudi določevanje razgradnih produktov ob upoštevanju odzivnih 
faktorjev posameznih razgradnih produktov venetoklaksa.  
• Z uporabo principov AQbD v sklopu razvoja analizne metode, smo metodo 
izboljšali, hkrati pa smo izboljšali tudi njeno robustnost in fleksibilnost. Matematični 





vplivov sprememb kritičnih parametrov analizne metode na ključne odzive analizne 
metode. 
• Razvoj stabilnostno indikativne metode z uporabo principov AQbD z uporabo 
stresnih vzorcev skozi celoten razvoj analizne metode omogoča vpogled v vplive 
sprememb kritičnih parametrov na obnašanje razgradnih produktov v kromatografski 
metodi. 
• Razvita analizna metoda za venetoklaks in njegove razgradne produkte je 
kompatibilna z detektorjem MS. S tem so olajšane študije, ki zahtevajo analizo mas 
molekul venetoklaksa in njegovih sorodnih snovi. Metoda lahko služi kot dobra 







• Venetoclax is a relatively new active substance. It is the only registered Bcl-2 protein 
inhibitor on the market. Related to this is its unique molecular structure and behavior 
under stress conditions. 
• Venetoclax is sensitive to acidic, basic and oxidative conditions in solution with the 
addition of DMSO at an elevated temperature of 50 °C. Four main degradation 
products are formed under acidic conditions, three under basic conditions, one of 
which is identical to one of the acid degradation products, and one main degradation 
product is formed under oxidative conditions. 
• Seven major venetoclax degradation products were identified. Four of which are 
completely new structures, not yet described in the literature. The main degradation 
pathways of venetoclax under stress conditions in solution were determined. 
• In silico prediction of degradation products in the beginning of the development 
process can serve as a good starting point for assessing the stability of the active 
substance. The results of in silico prediction can help us to determine the structures 
of degradation products based on their experimentally determined masses. 
• In silico tools are limited by their knowledge bases. The predictive power of a newer 
therapeutic is thus impaired due to the lack of transformations in the knowledge base. 
Above all, there is a lack of cyclization reactions and reactions that take place in the 
presence of excipients. The In silico tool used in the study has successfully predicted 
three of the seven experimentally determined degradation products of venetoclax. 
Published results with structures of experimentally determined degradation products 
of venetoclax can help to expand the knowledge base of in silico tools for prediction 
of degradation products. 
• With the developed stability-indicating analytical method for venetoclax, the 
concentration of venetoclax can be determined in the presence of major degradation 
products. The analytical method successfully separates venetoclax and its 
degradation products. Thus, it is also possible to determine degradation products 
taking into consideration the response factors of individual degradation products of 
venetoclax. 
• By using AQbD principles as part of the analytical method development process, the 





mathematical models of the analytical method, which enable the prediction of the 
effects of changes of the critical method parameters on the critical method attributes. 
• The development of a stability-indicating method based on AQbD principles using 
stress samples throughout the development of the analytical method provides insight 
into the effects of changes of the critical method parameters on the behavior of 
degradation products in the chromatographic method. 
• The developed analytical method for venetoclax and its degradation products is 
compatible with the MS detector. This facilitates studies that require mass analysis 
of venetoclax molecules and its related substances. The method can serve as a good 
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